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SUMMARY
This thesis assesses the pilot handling problems of a v/STOL aircraft 
during the approach manoeuvre to a restricted landing area in weather 
conditions of low cloudbase and poor visibility. The main aspects 
examined are: how the handling problems during the approach can be reduced
by the use of automatic flight control or electronic display systems, in 
what way eaoh form of augmentation can be most effectively used, and how 
they interact with each other.
The early part of the thesis analyses the reasons for the increased 
pilot compensation task during the approach, and why current operational 
control and display systems do not permit a full instrument approach. The 
constraints imposed on the type of approach profile due to aircraft 
characteristics and external factors are next assessed, and preliminary 
conclusions drawn on the type of profile most suited to the handling 
qualities of V/STOL aircraft. Leading on from the approach profile, the 
range of controls and displays currently available are described and their 
applicability to the present problems is discussed.
The main part of the document details the .flight and simulator trials 
carried out, describes the display formats and control laws developed 
during the work, and justifies their use for the control and display inter­
action assessment. The final chapters analyse the qualitative and quanti­
tative results obtained with the various levels of control and display 
systems investigated.
The results illustrate the way in which the multi—variable control 
problems of the instrument approach can be broken down into separate tasks 
of inner loop and outer loop control, and demonstrate that the pilot is 
best employed controlling the outer loop flight path using the instrument 
display, whilst the inner loop is controlled automatically by the flight 
control system.
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Conventional fixed wing aircraft undertake approaches to landing usually 
at constant speed and with a fixed configuration once flaps and undercarriage 
have been lowered,such that there are subsequently relatively small changes 
in aerodynamic stability and control margins. The major constraints on the 
conventional aircraft during an approach are that it should remain within a 
narrow azimuth approach corridor, hold speed sensibly constant and maintain 
tight control of its rate of descent. These constraints apply whether the 
aircraft is being controlled automatically or manually, in clear or poor 
weather conditions. After landing the conventional aircraft has a long 
ground run in which to reduce its kinetic energy to zero.
In the V/STOL aircraft in conventional flight, the main thrust vector 
acts approximately in the plane of the wings and fuselage along the longitudinal 
flight datum. This thrust vector can be rotated by at least 90° "to act normally 
to the plane of the wings and fuselage for hovering flight. Therefore this 
group of air vehicles have the ability, because of their configuration control, 
to vary rapidly forward speed independently of height, making approaches to 
restricted landing areas possible. To carry out an approach and landing to 
a restricted site the v/STOL aircraft must decelerate in the air in a controlled 
manner, whilst maintaining an approach track and height within limits consistent 
with obstacle clearance levels and noise abatement or tactical considerations.
The final objective for the v/STOL aircraft is to bring the aircraft to the hover 
over the landing area and undertake a vertical descent. The transition manoeuvre 
from wingborne to thrustborne flight causes a reduction in airspeed and hence in 
aerodynamic damping,* this leads to an increase in pilot workload due to the 
increased pilot compensation required. The increased compensation can be reduced 
or removed by the use of an automatic flight control system. Alternatively, the 
pilot can be assisted in the compensation task by means of suitable flight 
instrument information presented conventionally or on an electronic display 
surface.
Operationally, the approach transition in clear weather can be achieved 
by an experienced pilot unaided, provided he is flying a shallow approach to 
a familiar landing area under low crosswind conditions. However, if the same 
task is being undertaken with a low cloudbase and restricted field of view, 
additional stabilisation, flight instrument and ground guidance requirements
CHAPTER 1
INTRODUCTION
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must he met if the task is to remain operationally viable. These requirements 
must also be met in clear visibility where the pilot has visual contact with 
the ground, but not with the landing area. This may be due to the landing 
area being outside the pilot’s field of view, for example where an adverse drift 
angle prevails. It might also be that the landing area cannot be easily 
recognised, for example a camouflaged dispersed site.
Flight experience with the worlds first operational aircraft - the-Harrier
and its forerunners (P1127 and Kestrel) has shown that where in-flight accidents
have been attributable to pilot error, 80$ of these occurred during partial or
total thrustborne flight during take off or landing manoeuvres. Fig 1 produced
by Leng shows the breakdown by flight phase of all accidents caused by pilot
error. These statistics show that the decelerating transition is the phase of
flight in which most accidents occur. This correlates well with the fact that
the deceleration manoeuvre is known to be the most demanding phase of flight
2 3for the pilot to perform * .
This thesis describes a programme of work which investigated the problems 
of the approach deceleration and landing manoeuvre in a V/STOL aircraft. In 
particular the various aircraft handling techniques were examined in terms of 
pilot workload, task time and fuel usage. However, the main emphasis of the 
study was on the trade—off between the application of stability augmentation 
or automatic control in the aircraft control system, and the provision of 
suitably processed instrument information to assist the pilot in closing the 
control loop. The trade-off was examined for both the inner loop attitude, 
angle of attack and sideslip control and the outer loop flight path, height 
rate and speed control. For the outer loop control task the requirement for 
ground transmitted guidance information was also examined.
This work was carried out under the auspices of the Royal Aircraft 
Establishment, the particular objective of the research programme being the 
development of electronic displays for V/STOL instrument approach guidance.
The work was done mainly between 1972 and 1977 and involved three flight trials 
in three different types of v/STOL aircraft. The flight trials were necessarily 
limited in terms of flight hours and participating pilots, due to the specialised 
nature of the individual aircraft and their limited endurance. The use of 
flight simulation allowed a larger number of pilots to take part in a particular 
assessment and enabled systems variations to be assessed in a controlled 
environment. The simulator also allowed trivial solutions for display or control 
problems to be eliminated before flight assessment.
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Before examining the various options of control or display augmentation, 
it is useful to consider in detail the problems which arise during the transition 
manoeuvre. We can consider the aerodynamic source of the problem and its effects 
on the pilot' s workload whilst he is closing the control loop.
There are seven definitive configurations of v/STOL aircraft^. They all
however exhibit the same characteristic of being able to attain forward speeds
normally associated with conventional aircraft, whilst being able to decelerate
to the hover in a similar manner to the helicopter. The different configurations
are jet-lift, tilt wing, tilting propeller or rotor, deflected slipstream, ducted
propeller, augmenter wing, fan in wing or body. Of these the jet-lift configuration
is the most common, there being some nine different types built and flight tested
in the free world. The Harrier aircraft manufactured by Hawker Siddeley Aviation,
5 6as described in detail by Fozard^' was the first fully operational type and is 
shown in Fig 2.
Since the jet-lift configuration is the type where most design effort and 
flight testing has been carried out it will be the type to which mo&t of this 
present research is related. From practical experience with all the configurations 
the jet-lift system is probably the most successful design philosophy, with more 
stretch potential than any other.
The majority of Harrier aircraft are single seat, although a two-seat 
tandem variant is produced for training purposes. As shown in Fig 2, the aircraft 
has shoulder mounted swept wings, a bicycle undercarriage and wing tip outrigger 
wheels, and it is powered by a twin spool axial-flow, vectored thrust turbo-fan 
engine. The engine is installed centrally in the fuselage with an air intake on 
each side of the front fuselage. Thrust vectoring is achieved by four engine 
exhaust nozzles, two centrally disposed on each side of the fuselage, which can 
be simultaneously rotated from the aft, conventional position downwards for 
jetborne flight through the normal hover position to a braking position just 
forward of the vertical (assuming aircraft datum horizontal). The nozzles are 
controlled by a lever in the cockpit adjacent to the throttle, through a air- 
motor servo unit which is driven by high pressure air from the engine.
In common with the other V/STOL configurations, certain handling problems
can arise with this jet-lift configuration during the low speed flight regime,
7as described by Woodfield*. First of all there is a reduction in aerodynamic
1,1 Transition manoeuvre
7
8Fi
g 
2 
Th
e 
H
ar
ri
er
 
je
t 
V/
ST
OL
 
a
ir
cr
a
ft
damping as forward speed reduces. This is best explained by an examination 
of the stability and control equations for the air vehicle. Here, we will 
examine the simplified pitching moment equation M, for a Harrier type 
ai rcraft.
M = Bq = 5psV^c{m^a + + IpsV^m^q + + f (V^Tft9^.) ... (1-1)
where p = air density
y = total speed
s = effective wing area
a = incidence
c = standard mean chord
n = elevator control input
B = pitch moment of inertia about the aircraft lateral axis
pitching moment due to incidence change
pitching moment due to elevator change
pitching moment due to pitch rate
q = pitch angular rate
4 = pitch angular acceleration
K,Tt n = direct elevator control from engine thrust bleed air 1 L
f'V ,T ,0.) = pitch moment due to jet interference effects T L j
ma
m
Tl
mq
The term |ps\$c^m q Ts aerodynamic pitch damping term.- This
is proportional to the scfuare of the airspeed, and so its reduction by a 
factor of two will reduce the aerodynamic damping by a factor of four. The 
actual reduction will be greater than this because the non-dimensional derivative 
m will also reduce as a function of airspeed. This effect implies that any 
disturbances due to external gusts will result in greater angular departures 
rates in pitch, roll and yaw.
2 —The most important term in the pitching moment equation is |psV,j,cm a •
The derivative -ma is proportional to the static stability of the aircraft,
dC /dCT the rate of change of pitching moment coefficient with the rate m L
of change of lift coefficient. For longitudinal static stability 
must be negative. This is negative because pitching moment is positive nose-up 
and the lift coefficient positive upwards. Thus stability corresponds to a 
nose down pitching moment increment resulting from an increase in incidence
9
and hence lift. In order for an aircraft to he dynamically stable it is 
neoessary (but not necessarily sufficient) for it to be statically stable.
Pig 3 is a graph of effective ma (Which is proportional to dC /dCL? 
against airspeed for the Harrier aircraft. The graph is plotted for the 
decelerating transition with full flap and 40$ airbrake, and combines downwash 
effects from the engine with the aerodynamic effects. The graph shows that 
the aircraft becomes statically unstable below 122 kn and hence dynamically 
unstable also. This phenomenon results from the flow separation behind the 
wing which increases as the speed decreases due to positive pressure at the 
large engine intakes. The flow separation produces downwash over the tailplane 
and hence a tendency to pitch-up. During the deceleration the overall effect 
is a nose-up trim change and a reduction of longitudinal stability. This 
characteristic coupled with the reduction in aerodynamic damping pro'duces a 
large increase in pilot workload.
In the lateral control channel a potentially greater problem can arise 
due to sideslip. The sideslip angle 3 is proportional to aircraft lateral 
velocity v . At speeds above 150lcn, if sideslip develops during a turning 
manoeuvre or due to gust effects the aircraft fin tends to reduce it or 
minimize it. This control is aptly termed *weatheroock stability*, which is 
the tendency of the aircraft to turn into the sideslip. The stability 
derivative defined to represent this effect is called the yawing moment due 
to sideslip, n and is normally positive in sign throughout the speed 
envelope of the aircraft. In a jet-lift aircraft having large engine air 
intakes, the Harrier being a particularly good example of this, as the forward
airspeed reduces the aerodynamic effect of the fin decreases and thus nv
decreases. As the speed drops further a point is reached when the volume of 
air being sucked into the engine counters completely the effect of the fin 
and ny falls to zero. This process continues and is slightly accentuated 
when the air intake volume increases as the engine rpm is raised to maintain
height. During this period nv becomes negative. Wow if a sideslip develops,
instead of the aircraft yawing into it to reduce it, the converse occurs and 
the sideslip increases. Pig 4 shows ny plotted against airspeed for the 
Harrier during a decelerating transition with full flap and 40$ airbrake. Here 
becomes negative below 140 kn.
10
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Fig 3 Pitching moment due to incidence (tna) against 
speed (Vy) for the Harrier a ircraft
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Fig 4 Yawing moment due to sideslip  (n ) against 
speed (Vy) for the Harrier a ircraft
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To explain the subsequent aerodynamic effects the rolling moment equation 
has to be examined.
2Rolling moment L = Ap = gpVySbCi/A + £^£ + £^£)
+ |pVTsb2(£pp + £rr) + K 2TiC (]~2)
where b = semi span 
3 = sideslip
£ = rudder control input
£ = aileron control input
A = roll moment of inertia about aircraft longitudinal axis
£^ = rolling moment due to sideslip
£ = rolling moment due to rudder change
£^ = rolling moment due to aileron change
£ = rolling moment due to roll rate
p
£r = rolling moment due to yaw rate
= <*Drect: r° R  control input from engine thrust bleed air.
This equation shows that we have a derivative £y , rolling moment due 
to sideslip. The physical justification for its existence is as follows; if
the aircraft sideslips to the right the lift will increase under the right wing
causing the aircraft, to roll to the left. This phenomenon is known as the 
'dihedral effect*. The roll has to be countered by aileron control, both 
aerodynamic £^  and bleed air from the engine via wing tip nozzles, K2T2^
(See Chapter 2.1 for a full description of the reaction control). Since the 
Harrier aircraft has a large sweepback the effects of sideslip are accentuated 
especially in the speed band from 120 kn. down to 80 kn.. The sweepback implies 
that the resultant velocity of longitudinal and lateral components acts in a 
direction towards the wing leading edge which tends to orthogonality as sideslip 
increases. This produces a large amount of lift on the wing running into the 
sideslip. The situation is exacerbated when the term becomes zero or negative 
because when sideslip develops it will not be damped, causing greater rolling 
moments as it increases. At high longitudinal angles of attack, the increase 
in lift on the wing leading into the sideslip and the reduction in lift on the 
trailing wing can be such that a point is reached where the roll control 
available is not sufficient to prevent the aircraft rolling beyond 90° of bank 
and subsequently crashing. Although the large amount of anhedral present on 
the Harrier tends to counter the effects of the sweepback, the cumulative
13
sideslip effect does cause handling problems in the speedband centered around 
100 ten. From the discussion above an increase in pilot control activity is 
consequent upon the change in handling characteristics. In clear daylight 
weather conditions, when approaching an open airfield with no crosswind, no 
malfunctions, no operational constraints and an experienced pilot, the 
transition manoeuvre can and is achieved repeatably with little or no pilot 
stress. If the pilot is inexperienced and other adverse factors exist, a 
night approach under crosswind conditions for example, then pilot stress or 
workload will increase significantly. In this conceptual model of pilotO ®
workload Thorne postulates a continuum which can be used to assess task 
difficulty and the capacity of crews to cope with such tasks. He suggests 
that it should be possible to study the variation in task difficulty during 
a particular flight and to plot it against time. In a similar way the maximum 
capacity of the pilot/crew could also be plotted to give the form of graph 
shown in Fig 5* Operator’s capacity, in this case, is defined as the maximum 
ability one could expect from the operator at any given moment.
The illustration attempts to show that the difficulty of the task will 
vary over a wide range during a particular flight, and will be aggravated by 
unplanned incidents, for example systems failure. It also shows that the 
maximum instantaneous usable capacity of the crew will vary with time and 
that motivation may play a part in enabling the crew to cope with the more 
difficult situations. If we consider this concept for the transition manoeuvre 
where the task difficulty increases greatly during the deceleration, the pilot 
capacity would also increase to cope with the situation under normal circumstances. 
If however several factors combine together, as already discussed, to raise the 
task difficulty beyond the pilot capacity at that given moment, then a disaster 
may occur. To prevent external factors causing this effect, means must be 
devised to reduce the main task difficulty so that these factors can be 
adequately compensated without causing loss of control.
Fig 5 Notional operator capacity compared with task 
d iff icu lty  against time
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PRESENT OPERATIONAL CONTROL AMD DISPLAY SYSTEMS
CHAPTER 2
This description is again related to the Harrier aircraft since most 
flight experience has been obtained with this vehicle.
2.1 Flight control system
The autostabilisation system in the Harrier shown in Fig 6 operates in 
the pitch, roll and yaw axes, and is a stability augmentation system (SAS).
This is the type where gyroscopes provide the control input. Dealing with 
the pitch and roll axes initially, the stabiliser here comprises a gyroscope 
unit, with a pitch and roll rate gyro, a computer and three auto-oontrol 
actuators, one for each of the two aileron systems and one for the tailplane. 
Each of these forms a part of each tandem actuator unit for the powered aileron 
and tailplane controls. Through a differential mechanism, the rams of the 
auto-control actuators then provide stability augmentation by supplementing the 
pilot’s demands to the main valves of the tandem actuators. The authority of 
the stabiliser is limited to +1*5° tailplane travel and to +2° aileron 
travel representing some 5$ of 'the total system authority. Automatic switching 
is provided to disengage the stabilisers when the undercarriage is selected up 
or when the speed exceeds 250 kn. The system re-engages automatically when the 
speed falls below 250 kn and the undercarriage is selected down.
The yaw stabiliser system operates via the yaw reaction control valve at 
the tail and comprises a gyro computer unit, a lateral accelerometer, a lateral 
stick position pick-off, and a yaw actuator. When the yaw autostabiliser is 
engaged,signals from the yaw rate gyro, the lateral accelerometer and the 
stick position pick-off are fed to the computer which signals a torque motor 
on the electro-hydraulic yaw actuator. The actuator then operates the yaw 
reaction shutter valve via a differential lever mechanism. Operation of the 
system does not move the rudder and is therefore not felt by the pilot via 
the rudder pedals. The system authority is limited to +5° equivalent rudder 
deflection. Autostabiliser actuator travel depends on the control law combining 
inputs from accelerometer stick pick-off and rate gyro. However, in the 
production standard aircraft a single input of 0 . 1 5 lateral g, or a single 
input of stick position equivalent to 8° aileron, results in full authority 
actuator travel. Automatic switching of the system is provided so that it 
engages automatically on take-off using an undercarriage compression switch.
The system disengages automatically when the undercarriage is raised. Similarly 
it re-engages on lowering the undercarriage and disengages on touch-down. The
16
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authority of the yaw autostabiliser system is higher than the pitch and roll 
system but it still represents a relatively small controlling influence and 
cannot therefore relieve the pilot of the control task to any large degree.
An additional facility which assists the pilot in the control of sideslip is 
the pedal-shaker unit. This system takes the input of lateral acceleration, 
and if this exceeds a preset value, usually 0.06 lateral g, the appropriate 
rudder pedal required to be pushed is shaken beneath the pilots foot.
To summarize this typical single-channel system, it operates in all 
three axes, providing pitch and roll damping in the pitch and roll axes 
and yaw damping plus weathercock stability nv in the yaw axis. The 
authority is low however being in the region of only 5$ for 'the pitch and 
roll systems and 10$ for the yaw axis. The control laws in the yaw channel 
are optimised for low speed flight around 80 kn where n^ would normally 
become negative. Overall, the system as described can assist the pilot 
during clear weather approaches where a crosswind exists for example. It 
does not however allow the pilot to reduce significantly his monitoring 
of incidence and sideforce and to concentrate on the outer loop control.
The technology exists for fitting the Harrier aircraft with a comprehensive 
attitude stabilisation equipment with additional auto-pilot facilities. 
Various levels of stabilisation exist on different types of experimental 
jet-lift vehicle and the results from flight experience with these will be 
discussed in subsequent chapters.
2.2 Instrument display system
The Harrier aircraft is fitted with two forms of instrument display providing 
basic flight data. The first is the conventional flight instruments mounted 
head down in the instrument panel. These are of the conventional pointer or 
counter-pointer type, there being one instrument for each of the basic flight
quantities ie speed, height, attitude, heading,'vertical speed, angle of
attack. These are backed-up by numerous smaller instruments showing rpm, 
jet pipe temperature, nozzle angle and trim conditions.
In the design philosophy for the aircraft the conventional instruments
providing basic flight data were intended to be secondary or standby to the 
principal form of display surface, the Head-Up-Display (HUD).
The HUD as shown in Fig 7 presents to the pilot, information which he
sees superimposed on his forward view through the windscreen. This method
of presenting flight data is an adaptation of the gun sighting technique
9which was proposed and developed by Naish . As shown in the figure} data
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a r e  cursively written on the face of a "bright cathode ray tube, collimated 
(focussed to infinity) and reflected from a semi-silvered piece of glass 
(combiner) suitably mounted, so that the display appears in the appropriate 
position on the outside world. Since the display image is focussed to 
infinity the pilot is able to view the image data in the same visual plane 
as the outside world. This approach eliminates the constant cross referencing 
between head down instruments and the outside world, the accompanying 
requirements to refocus the eyes and the possibility of having to readapt to 
different lighting levels.
' The bright cathode ray tube presents cursive (stroke written) flight 
information either in digital or analogue form. The display format is produced 
by a digital waveform generator which accepts suitably processed flight data 
via a signal conditioning unit as shown in Fig 8. The advantage of the 
electronic display concept is that only the data required by the pilot for the 
immediate task need be presented. Thus a number of different modes can be 
created which the pilots selects when required. This is the situation in the 
Harrier where alternative modes can be selected by the pilot from the HUD 
control panel. Individual modes can be selected for navigation, air to air 
intercept, air to ground attack and approach and landing. In addition groups 
of symbols can be.deleted from certain modes to reduce display clutter. The 
relative merits of the electronic display concept are discussed in Chapter 5*
In the current Harrier aircraft the approach mode of the electronic 
display repertoire is as shown in Fig 9* The information this provides is 
as follows. Pitch and roll attitude presented by an artificial horizon read 
against an aircraft symbol fixed in the centre of the display. The displacement 
of the artificial horizon from the aircraft symbol as measured along an axis 
at right angles to, and bisecting the artificial horizon is proportional to the 
aircraft pitch attitude or elevation angle, as shown in Fig 9* Because the 
display is collimated a given pitch displacement subtends a constant angle 
at the pilot’ s eye, irrespective of pilotf s fore and aft head movement. Thus 
in a HUD symbol sizes or displacements are described in terms of angular 
subtense at the pilot1 s eyes. Because the HUD only subtends a limited total 
angle (in the order of 25°) this being determined by the optical design, the 
artificial horizon disappears outside the pilot ’ s instantaneous field of view 
at large pitch angles. Due to this effect repeater pitch bars denote +30°,
+ 60°, with nadir and zenith stars showing -9°° an& +90° of pitch attitude 
respectively. The pilot has therefore a continuous readout of pitch attitude
20
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throughout tho manoeuvre envelope of the aircraft. The scaling of the horizon 
and pitch bars is such that 5° of movement of the real horizon in elevation 
produces only 1° change in the position of the symbols* Horizon scaling in 
elevation is one factor which is felt by many V/STOL pilots to need further 
research. This point is discussed in detail in subsequent chapters.
Aircraft roll attitude or bank single is shown as the angular rotation 
of the artificial horizon relative to a line through the wings of the aircraft 
symbol. This is scaled one to one with the outside world rotation.
Indicated airspeed is presented as a digital readout in one knot increments 
at the top left of the display and barometric height as a digital readout 
presented in the top right of the display. The height is presented in 20 ft 
increments below 10,000 ft and 50 ft intervals above. Information from a 
digital readout cannot be absorbed as quickly as from a rotating pointer as 
found in conventional instruments. The augmenting of the digital readout with 
a pointer presentation is another aspect explored in subsequent chapters. 
Thermometer scales are drawn on the left and right of the display to show angle 
of attack and vertical speed respectively. For angle of attack the first dot 
represents 8° (as shown in Fig 9) with each subsequent dot showing an increase 
of 4°. I*1 vertical speed scale each index from the datum represents a
change of +500 ft/min (1000 ft/min down is shown in Fig 9). Aircraft heading 
is presented as a sliding tape marked with the two most significant digits 
of the actual heading every ten degrees (ie 18 presents 180°); 20° of heading 
can be seen at any one time behind a *electronic window* on the display. This 
is comparable to the edge view of a normal compass rose as seen through a mask 
which cuts off the extremities. Groundspeed as computed from the aircraft's 
inertial navigation system can be selected in the approach mode and is read 
from a short vertical line moving horizontally along a series of four equi- 
spaced dots. The first dot on the left represents 30 kn of groundspeed,each 
subsequent one showing an increment of 30 kn up to a maximum of 120 kn. This 
whole scale is presented immediately below the airspeed readout.
The final symbol on the approach format is the sideslip indicator, this 
being presented as a circle moving horizontally beneath the heading tape and 
read against the heading marker. Limits lines are shown to the left and right 
of the heading marker, and when the slip circle bisects a limit line this denotes 
that the slip limit of 0.06g has been reached. When this occurs the rudder pedal 
shakers would also be activated. The presentation of lateral acceleration on the
23
sideslip scale enables a constant limit to be defined during the transition
irrespective of the forward speed of the aircraft in the speed band from 120 ko
down to 80 kn. Sideslip angle limits would vary however proportionally to
<1
longitudinal forward speed since (3 = tan v/u where v is the aircraft
lateral velocity and u .the longitudinal velocity.
Although criticism is made of the approach format, certainly of the
digital height presentation for its lack of trend information and the attitude
scaling in pitch for its lack of sensitivity, the display provides all the
basic information the pilot requires to undertake the approach in clear weather
conditions, after adequate familiarisation both with the aircraft and the display
concept and format. Reiterating a point made in the Introduction, it is in
conditions where adverse factors exist which may combine together to produce a
situation where an accident can occur that the total combination of aircraft,
avionics and pilot skills become inadequate to meet the situation. Since
•1accidents due to pilot error are increasing , whilst the selection and training
of v/STOL pilots has continued to meet a high standard, it can be concluded that
the aircraft is being employed in more adverse conditions in terms of approach
profile, landing area constraints and poor weather conditions. The technology
exists today to produce a 1failure-survival* flight control system, and provide
full external coupling to a ground guidance system. For passenger safety
considerations this is the rationale which has been adopted for commercial
10civil aircraft, for all weather operations « The cost of such complex avionics 
airborne and ground facilities is fully justified in this case, not only on 
the very important issue of passenger safety, but in terms of reduced operating 
costs from consistent approach performance with no missed approaches or overshoots 
and therefore less requirement to divert to alternative airports in poor weather. 
Since conventional aircraft use constant angle approaches in elevation, fixed 
instrument landing systems (iLS) of the required integrity can be installed on 
airport runways. This philosophy of aircraft guidance and control would impose 
severe restrictions if applied to the military v/STOL aircraft, which needs to 
maintain flexibility in terms of approach profile. Some element of automatic 
control is needed which does not restrict the full operational use of the vehicle. 
The range of control systems which could be adopted is discussed in Chapter 4 .
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CHAPTER 3
APPROACH PROFILE FACTORS
One important aspect of the approach manoeuvre which has -not been 
considered in detail hitherto in this thesis is the approach profile.
The selection of a particular profile depends on many interacting factors. 
Firstly the total height and speed profiles must be well within the 
manoeuvre envelope of the vehicle and take account of particular handling 
difficulties. Also pilot proficiency is important, for example, a 
particular ’decision height’ where the pilot decides to continue or over­
shoot will be affected by the individual pilot's instrument rating. The 
shape of final profile will also be modified by ground features on the 
approach and. runway slope. If an approach aid is in use for poor visibility 
approaches, this may alter decision heights and rates of descent. The 
first aspect which needs investigation when designing a profile in the 
light of the ahove factors is the operational requirement for recovery and 
thus the weather minima the aircraft is required to be flown in.
Under poor visibility conditions and in the absence of full automatic 
control on the inner and outer loop of the V/STOL aircraft, it is desirable 
to minimise the normal control activity required from the pilot to execute 
the manoeuvre. Since the forward speed of the aircraft can he varied 
independently of height, it would be easy to postulate an approach which 
required the aircraft to decelerate during the descent on the glide slope, 
as investigated by Lebacq and Aiken in the X22-A aircraft, in order to 
minimise the total time of the approach. This could however produce severe 
workload problems,even with good weather conditions and no equipment 
malfunctions.
The type of approach profile which was found to be acceptable during 
the course of the present work, was one where the pilot performed each 
major task in a time sequential way. For example one profile may require 
a deceleration at circuit height, from conventional speed down to an 
intermediate approach speed of 150 kn for example. A constant speed 
descent would then be undertaken at this speed to flare at a lower level 
of say 200 ft, ’hover height’. The aircraft would then be decelerated at 
constant height down to the hover and a vertical landing.
In the light of the above example it is worthwhile to examine the 
constraints which determine the selection of a particular datum height or
25
approach speed and whether these constraints would he affected by
enhanced control, display and ground guidance systems. Some of this12argument was put forward by Woodfield in an unpublished paper and 
is reiterated and expanded here as it is particularly relevant.
3.1 Constraints affecting approach profile
(i) Circuit height
The main constraint on the circuit height is that it should be 
above 500 ft agl (above ground level) due mainly to obstacle clearance 
factors, and in peacetime to minimize the noise footprint produced by 
the aircraft at lower height and the accompanying disturbance on the 
community. The circuit height is normally selected in the band between 
1000 ft and 1500 ft agl, the choice being determined by the descent rate, 
aircraft forward speed and hence time required to complete the approach.
(ii) Rate of descent
Although no clearly defined limits exist on the selection of 
descent rate, pilots are reluctant to use flight paths requiring descent 
rates greater than 1000 ft/min, not because of the magnitude per se, but 
because the height required to flare the aircraft to level flight is 
proportional to the square of the descent rate. (From Newtonian equations 
of motion.) Consequently the higher the descent rate, the greater the 
likelihood of undershooting. Also because of this relationship with 
flare height, there must be a direct relationship between cloud base 
limits and rate of descent. In addition, to achieve sufficient time on 
the approach path to establish steady conditions the circuit height 
has to be raised when high descent rates are used. So it is just possible 
that more time would be required to settle down on the glide path in 
this condition.
At the other end of the scale, there is no obvious restriction on 
how low the descent rate can be, except that a low circuit height- would 
be needed if the time spent on the glide path is not to become too long.
(iii) Time on glide path
This is one of the important criteria when selecting approach paths
particularly when the profile is to be followed on instruments. Without13the normal visual cues, the approach task is demanding in any aircraft ,
26-
except perhaps when a fully coupled automatic system is used (even here 
the system has to he monitored). It is important that the pilot is given 
sufficient time to establish steady conditions during' the approach, and 
conversely that the approach should not last so long that the pilot becomes 
fatigued. Although no published data is available, talcing an average of 
time on the descent for several conventional aircraft types, shows the 
time to be very near to two minutes and the spread of time between different 
types to be relatively small. Thus it would seem reasonable to suggest 
a minimum time of 90 seconds and a maximum time of 3 minutes, with an 
aimed-for figure of 2 minutes.
(iv) Total envelope of possible flight profiles
Due to the interaction between the factors discussed above, an 
envelope of flight path angles and speeds can be obtained.
Time on a glide path or descent duration, t, is given by
t = (hc - h H)/fr (2.1)
where h^ is circuit height; is flare height or hover height
dh /1! \ • , ,—  (h) is the descent rate, dt
Descent rate is given by
h a VT sin Y a VTy (2.2)
where y is the flight path angle: VT is aircraft total speed.
Fig 10 is a graph of circuit height hc against descent duration, which 
encompasses the approach constraints already described and delineates 
the likely areas producing optimum, satisfactory, and acceptable combinations 
of circuit height, rate of descent and descent duration. The boundaries 
of these areas suggest that a descent rate between 500 and 750 ft/min 
would be optimum for all aircraft, and rates between 350 ft/min and 
900 ft/min may be satisfactory depending on the configuration of 
the aircraft.
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Figure 11 shows glide path angle plotted against speed for 
various rates of descent. To be in the suggested optimum area, approach 
speeds and descent angles should fall between the lines for 500 and 
750 ft/min. This is true for most conventional aircraft performing 
ground control approaches (GCA) or ILS approaches. These curves 
demonstrate the requirement to increase the glide path angle as approach 
speeds are reduced. This fact was aptly demonstrated in the results of 
the flight trials, particularly in the CL84 aircraft, discussed in detail 
in later Chapters. Before considering specific profiles for particular 
V/STOL aircraft, it is necessary to consider those factors which determine 
the limiting weather conditions for instrument approaches.
3.2 Constraints determining limiting weather conditions
(i) Ground clearance
When it is necessary to complete a landing using visual references, 
it is essential that the vertical visibility is greater than the height 
of any obstacle in the approach path by at least the maximum error likely 
to be produced by the approach aid. This constraint exists independently 
of aircraft type, and is the major influence in determining vertical 
visibility requirements. The largest margin for height error occurs when 
the approach aid does not include height determination and the aircraft's 
barometric altimeter has to be relied upon.
The magnitude of errors to be expected from the new range of
14microwave landing systems MLS (whether based on Doppler, scanning beam 
or interferometry principles) will be similar to or better than current 
ILS equipment. For the new equipments errors in the order of +0.07° can 
be expected in the elevation guidance. At a height of 200 ft, on a nominal 
3° glide slope, this would represent an error of +5 ft only. With this 
precision the capabilities of the aircraft become a significant factor.
(:ti) Aircraft flare and overshoot requirements
The height lost in reducing the approach descent rate to zero is 
an important factor in visual landings, whether it is executed just prior 
to landing as in 'conventional* landings or for levelling off prior to 
a level deceleration to the hover in the V/STOL aircraft, or for over­
shooting if the foreground is not visible as the decision height is 
approached. (For the civil conventional aircraft at decision height 
two bars of approach lighting or the runway threshold must be visible 
otherwise an overshoot is executed.) The magnitude of the height loss 
depends on the excess of normal force available and the rate of descent.
29

In the jet V/STOL aircraft the normal force can he generated by 
both aerodynamic lift and thrust increases. Figure 12 shows the 
relationship between the height loss and the excess normal acceleration 
at various rates of descent.
If we consider as an example an aircraft with a lift curve slope 
such that:
dC
vr = 3 (2-3>
where C_ is the lift coefficient, a is incidence and whose wing 
loading is 75 lb/ft (both these figures being representative of current 
fighter aircraft), then the variation of excess normal acceleration obtained 
from a four degree increase in incidence is shown in Fig 13. The value of 
four degrees is taken as representative of the maximum likely change of 
incidence during the flare and/or overshoot procedures. Figure 13 shows 
that most fighter aircraft should be capable of pulling more than 0 .25 g 
excess normal acceleration at their normal approach speed of around 120 kn. 
This means that the height lost after initiating a flare or overshoot can 
be less than 10 ft under normal approach conditions, which is not a 
major contribution.
Another possible source of height loss during the flare or overshoot 
is pilot delay between initial recognition of a possible overshoot 
requirement and actual initiation. Under instrument flight conditions 
this could be in the order of two seconds. Figure 14 is a plot of height
loss in the flare against approach speed, showing the influence of this
delay. This shows for example that 35 ft height is lost when descending 
at 1000 ft/min at an approach speed of 120 kn. This demonstrates that 
pilot delay is a significant factor compared with the inherent capability 
of the aircraft.
It is difficult to give a figure for allowable height loss, although 
most current aircraft would seem to incur a figure in the range from 
30 to 40 ft* Based on this range of values and taking the combination of 
height lost due to aircraft capability and pilot delay in initiation,
50 ft would seem to be the maximum acceptable loss.
In an aircraft which is obtaining a significant proportion of its
normal force from the engines, flares and overshoots can use combination 
of incidence and power to generate the required total normal acceleration 
and it may be that the level of approximately 0 .25 g is a reasonable guide 
to the minimum total excess required.
31
Fig 12 Flare height loss against excess normal acceleration 
available for various rates of descent
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(iii) V/STOL aircraft deceleration.requirements
An important component of the approach profile of the V/STOL 
aircraft in short-field or restricted site operation is the deceleration 
to the hover and vertical landing. The deceleration manoeuvre will he- ;- ,
determined by the performance envelope of the aircraft, the initial 
approach speed, the pilot handling task and the weather minima the 
aircraft is required to operate in.
i ■
Figure 15 is a plot of deceleration distance R against approach,a _ >
speed .V. Curve A shows a deceleration profile of 0.4 g which is a 
reasonable manoeuvre for the pilot to perform in the Harrier aircraft. .
If the aircraft is required to operate in forward visibilities down to 
800 m the maximum approach speed which can be used at 0.4 g deceleration, 
is 146 kn. This allows the pilot only one second to see the landing area 
and initiate the deceleration. Operationally, the approach speed in 800 m 
visibility would have to be 130 kn or below, as this allows the pilot
3.5 seconds at minimum to see the landing area before commencing 
to decelerate. Using a similar rationale for approaches in forward 
visibilities down to 400 fbe approach speed to allow the pilot to 
adequately establish visual contact with the landing area would be ■ ' ’ ,/
approximately 80 kn. In terms of fuel usage, the 80 kn approach would 
use approximately 50$ more fuel than the 130 kn approach from the same 
circuit height.
Figure 15 also shows the effect on the deceleration profile, if its 
initiation is delayed by two seconds due to the pilot being distracted 
by another activity. In this example the deceleration required to come to 
the hover at the same point goes from 0.4 g to 0.5 g producing a correspdnding 
increase in pilot workload.
The above examples and discussion show that unless the deceleration, 
manoeuvre is undertaken partially under instrument conditions, the 
operational weather minima become the major constraint on the approach- 
speed. This in turn affects the pilot handling task and fuel usage.
3.3 V/STOL approach aid characteristics
The last section demonstrated that the pilot of a V/STOL aircraft, 
approaching a restricted site under poor weather conditions needs an 
indication of remaining range to initiate the deceleration. To correctly
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phase in the deceleration to the final approach speed at circuit height, 
the descent .and subsequent flare, a range read-out is required throughout 
the approach. Also to allow an accurate height profile to be followed 
the pilot should have a read-out of aircraft height above the flight path 
origin. A pressure altitude reading would not be entirely adequate due 
to the variation in pressure and lack of knowledge of its precise value 
at a dispersed site. In a similar way an airborne radio altimeter which 
relies on the ground return of a transmitted signal gives a varying reading 
when flying over trees and can give 'misleading' information when 
approaching a site over rising ground.
For poor visibility approaches where the pilot has to execute a 
turn on to the extended runway centre-line under instrument conditions, 
lateral tracking information would be required. This could be either 
provided as a linear translation or angular error from the desired track.
Conventional ILS approach aids can only provide one narrow beam 
approach corridor in azimuth and elevation. Normally this provides 
extended centre-line tracking in azimuth and a three degree descent in 
elevation. For the V/STOL instrument approach case, the approach aid 
should provide the spatial cartesian co-ordinates of range along track 
(x), cross track displacement (y) and height above origin (z). Alternatively 
using polar co-ordinates, if the range R and the azimuth and elevation 
angles ( X, 0) are measured, the other factors can he easily calculated, 
and this is illustrated in Fig 16.
For the trials described in this paper a lock follow radar system
was used mainly. This measured aircraft range, elevation and azimuth
angles. The cartesian co-ordinates were then calculated and transmitted
to the aircraft via a data link. A number of approach aids now exist,
apart from radar, which can provide the required polar co-ordinate
information. One of them was specifically designated for use with V/STOL
aircraft. This equipment called Microwave Aircraft Digital Guidance 
15 16Equipment (MADGE) 1 uses an interferometry process to measure aircraft 
angular position. The system operates by separate but co-operating ground 
and airborne units. An interrogating pulse, transmitted from the aircraft 
is received by azimuth and elevation angle measuring units on the ground. 
Angle measurement is made by means of receivers connected to pairs of 
interferometer aerials. For each pair of aerials, the angle of a received 
signal is measured, relative to the forward axis of the pair, by comparing 
the phase of the signal received at the two aerials. The angle information 
is transmitted to the aircraft by means of a data link.' After receiving
37
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the ground, transmission, data-handling circuits in the aircraft decode 
the angle data and derive range between air and ground units from the 
measurement of time delays over the two-way transmission path.
3*4 V/STOL instrument approach envelope
Based on the previous sections it is possible to delineate the 
component parts of a V/STOL approach profile, and determine the aircraft 
conditions for instrument approaches to be executed into restricted ground 
sites under poor visibility conditions.
As shown in Fig 17, the aircraft would descend from a circuit height 
ranging from 1000 to 1500 ft. Prior to the descent the aircraft would be 
decelerated from the cruise to the final approach speed. For approaches 
in forward visibilities down to 800 m range the speed would need to be as 
low as 130 kn. In visibilities ranging from 800 m down to 400 m the 
speed would have to drop as low as 80 kn. These approach speeds assume 
that visual contact is made with the landing area before the deceleration 
is started. Once the approach speed is attained and the aircraft retrimmed, 
the descent phase can start. Ideally this should last approximately 
2 minutes, suggesting a descent rate between 500 and 750 ft/min. For the 
flare, between 25 and 50 ft will be required. The level off height will 
be determined by the aircraft characteristics (eg recovery after engine 
failure in or near the hover) and ground obstacles present. Generally a 
flare height in the band from 50 ft to 200 ft is selected. The final 
deceleration is then executed once visual contact is established. From 
the hover, a vertical descent is made on to the landing area. Even if the 
ground aid, aircraft control and display systems are such that an instrument 
deceleration can be made, the approach speed would not be greater than 
160 kn because of the deceleration range required at a reasonable 
deceleration value.
The profile described allows the pilot to execute one task at a time. 
Although the total time on the approach will be greater than on a profile 
where the deceleration is undertaken whilst the aircraft is still descending, 
the pilot task will be much reduced. With an adequate display and control 
system the pilot would have reserve capacity to cope with emergencies 
without the subsequent loss of control discussed in Chapter 1.1.
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CHAPTER 4
CONTROL CONCEPTS AND PHILOSOPHIES FOR v/STOL AIRCRAFT
This Chapter examines the range of control concepts which could he applied 17to the v/STOL aircraft . Initially, the simplest augmentation systems are 
considered, where the mechanical link from the pilot' s stick to the control 
surface is hacked off by an electrical feedback path derived from a rate gyroscope 
or in some cases rate and attitude gyroscopes. The handling improvements these 
systems provide are considered, and the attendant problems of the loss of response 
due to the system opposing the pilot1 s input. Feed-forward systems are then 
considered where an electrical stick signal is combined in the electrical highway 
of the rate signal to improve control response whilst maintaining the previous 
resistance to disturbance.
The above systems are all low authority; subsequent sections consider the
advantages of full authority manoeuvre demand systems with mechanical back-up18and then the total fly-by wire philosophy and its implications. Outer loop 
flight control aspects are finally considered and how these can be integrated 
into the inner loop system.
4.1 Stability augmentation
In fixed wing aircraft inherent aircraft longitudinal stability is provided 
by ensuring that the centre of gravity remains forward of the static neutral 
position throughout the total manoeuvre envelope of the aircraft. In the lateral 
channel the tail fin is normally designed to ensure that the aircraft is 
directionally stable and hence that sideforce will inherently be compensated. 
Chapter 1.1 has shown that in a v/STOL aircraft during the transition manoeuvre, 
the longitudinal and lateral stability margins are small at low speed falling to 
zero as speed decreases further, the aircraft becoming neutrally stable. With 
further speed reduction certain v/STOL types are unstable, pitch and roll 
excursions diverging if allowed to build up. The stability augmentation system 
as its name implies is intended to add to existing stability by providing 
increased damping in pitch, roll and yaw. Therefore the application of this 
system based only on rate gyroscopes to the v/STOL aircraft in the transition, 
can only provide rate damping and will not compensate for loss of stability as 
the speed decreases.
Having accepted this limitation, the stability augmentation system is a 
useful and relatively simple concept. As described in Chapter 1.2 it is currently 
fitted to. the Harrier aircraft, where in the lateral channel in yaw, artificial
41
stability is introduced, by the use of a lateral accelerometer which senses
increases in sideforce and applies opposing rudder or yaw reaction control to
reduce it.
In its simplest form the autostabiliser consists of the elements shown 
in Fig 18. The input to the system is angular rate from a rate gyroscope mounted 
in a suitable way to detect motion in the axis to be controlled. The rate 
signal is fed via amplification stages for gain and filtering requirements to 
an electro-hydraulic servo. The output of this servo is then summed mechanically 
to the stick input from the pilot. The output of this mechanical addition is 
then fed to the control surface actuator.
The fundamental control law of such a system is of the forms-
n = Gj x (stick) + x (q) (3-1)
where n is the control surface deflection (elevator in this example)
q is the rate term
is the effective gain of the stick
G2 is the effective gain of the rate input.
When aerodynamic moments are zero, (for example in and near the hover), 
the final steady rate is given by:-
Gi- ■—  x stick (3-2)
2
The degree of stability obtained, that is the aircraft’s resistance to 
a disturbance, is proportional to G2 . To increase the stability of the vehicle 
requires G2 to be increased and this results in a small final rate. The gain 
factor Gj is fixed by the mechanical and hydraulic linkage from the stick to the 
control surface and cannot be easily altered, so increasing G2 would make the 
pilot feel that the. autostabiliser was opposing him, reducing the manoeuvrability 
of the aircraft. If the authority of the stabiliser was limited to obviate this 
effect, then in manoeuvres the stabiliser would spend much of the time in a 
saturated condition, and be therefore ineffective. However, as discussed earlier 
the system can be effective if a compromise is established between manoeuvrability 
requirements and resistance to disturbance.
4.2 Attitude Stabilisation
To overcome the problems in some v/STOL aircraft of longitudinal and lateral 
instability below certain speeds, attitude signals can be mixed with the rate terms,
42
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to provide artificial stability in addition to rate damping. In this case the 
control law would be of the form, below, the system layout as shown in Fig 19:-
n = Gj x (stick) + x (q) + G3 x (0) (3-3)
where 8 is the attitude signal, (pitch attitude in this case)
is the effective gain of the pitch term, other terms are as 
defined in equation (3-1).
As with the rate only system, the final attitude when aerodynamic moments 
are zero is given by:~
(G, x (stick) + G0 x q)
- --------------- £  . (3-4)
3
Because q goes to zero in this situation the steady state attitude is
G1- —  x stick (3-5)
3
Taking equation (3-3) and assuming that the response of the aircraft to a 
control input is as below, ignoring inherent stability#
- ICs20 = ri (3-6)
where K is a constant 
s = d/dt .
Substituting equation (3-6) and s0 for q in equation (3-3), and assuming the 
stick is fixed, this becomes:-
(Ks2 + G2.s + G3)6 = 0 . (.3-7)
If disturbed this will eventually return to the original attitude, provided 
that the correct gearings between G^,G2 and K are found. This system can
compensate for inherent aerodynamic instability by creating artificial feedback by
means of the use of rate and attitude gyroscope signals. Additional derivatives 
can then be defined to adequately describe vehicle behaviour with the stabilisation 
system engaged. For example mg would represent the stabilising effect of the 
attitude feedback which would counter the destabilising effect already
described.
4.3 Command augmentation
In the control system shown in Fig 20, the primary mechanical control 
is supplemented by Command Augmentation. This is similar to the earlier systems 
described except that an electrical signal from a stick pick off is fed to the 
main summing amplifier together with the rate signals. This electrical ”feed- . 
forward” path which is in parallel with the mechanical linkage oan provide a 
quicker and tighter control response than the mechanical linkage, especially
44
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for low amplitude- inputs where the mechanical system may exhibit friction, dead
space and back-lash. Also because the effective gain of the electrical stick
input can be increased, this can reduce the tendency of the stabiliser to oppose 
the pilot inputs during manoeuvres. The electrical stick signal can also be 
shaped to provide not only proportional control but in addition a signal 
proportional to stick rate. The control law of the command augmentation system 
isj-
q = (Gj + G /  x (stick) + * (q) (3^8)
Here G^ is the gain of the electrical stick signal; the other terms are 
as defined ineq.(3-l). The resistance to disturbance is proportional to G2 
but unlike the simple stability augmentation system, if this gain is increased 
to give greater stability,. G^ can be modified to restore the original rate.
Although this type of flight control system has some advantages over the
basic rate or attitude stabilisers described earlier, it suffers from the
increased complexity of the mechanical and electrical feed-forward paths 
operating in parallel. Secondly, only limited authority can be allowed in the 
electrical system to allow for the various failure modes. Thirdly, the presence 
of the mechanical coupling from stick to control surface constrains the overall 
system performance because of its friction and inertia.
All the autostabiliser systems described above have limited authority, 
typically from 5$ to 20$ of full control because of integrity and reliability 
considerations. Each element in the autostabiliser channel can fail -in different 
ways causing an erroneous output from the autostabiliser actuator. If the failure 
produces a zero output, an electrical open circuit for example, then this may not 
produce serious problems for the pilot if the aircraft is inherently stable, 
although the transient effects at the instance of disconnect may be demanding.
The major problems can occur however, when a full-scale deflection output occurs 
due to various causes, an electrical short circuit for example. This "hard-over 
runaway” could result in loss of control unless limits are put on the allowable 
mechanical movement of the autostabiliser. Normally the limits are set to values 
which will prevept severe handling difficulties when a failure occurs. Por the 
V/STOL aircraft with its neutral stability during the transition, the authority 
is kept to around 5$* Higher authority simplex systems, although 
reducing the pilots workload, would almost certainly result in loss of control 
oinder a failure condition.
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If the autostabiliser can he given full authority the mechanical link from 
stick to the control surface is no longer essential. This is the next step in 
the auto-control development which attempts to overcome the disadvantages of the 
systems described previously. In practice, the mechanical link between stick and 
control surface is available as a back-up, which can be clutched-in as a 
reversionary system in the case of catastrophic failures.
In this control system shown in Fig 21, an electrical stick signal after 
suitable filtering, is mixed with a suitably shaped rate signal and in the case 
of the v/STOL aircraft an attitude signal may also be required. The sum of these 
signals is programmed to accommodate the range of flight conditions. For example 
gain scheduling with airspeed may be used to compensate for the change of control 
effectiveness through the total speed range. The output from these mixed gain 
scheduled signals is then fed into the eiectro-hydraulic control actuator. This 
type of system is called manoeuvre demand, because the pilot’s command signal 
does not necessarily produce a proportional control surface deflection but 
produces a given aircraft manoeuvre, such as rate of rotation. Fig 21 shows that 
the attitude and/or rate signals back off the electrical command input.
This type of system is only possible if full electrical signalling is 
employed, because of the friction, back-lash, dead space and overall inertia 
problems of the mechanical system. Also the feedback signals required are more 
easily produced with electrical sensors such as rate gyroscopes and accelerometers. 
However, in order to achieve a safe system with full electrical signalling, correct 
operation after a failure has to be ensured by the provision of redundant elements.
A triplex system may be used for example where stick signals, gyroscopes and 
servo-systems are all triplicated. By using a majority voting system safe operation 
may be ensured after single failure.
Once the autostabiliser has high authority a large' range of control laws 
can be implemented. Taking two examples; if eq.(3-8) is re-examined vizs-
n = (Gj + G^) x stick +. x (q)
here G^  would he zero, as the mechanical system is disengaged, and so the 
gearings of G2 and G^ can he greatly increased, improving the steady state 
stability, whilst retaining responsive control.
4 .4  Manoeuvre demand
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Alternatively another feasible control law is.:-
Sr) = g ^(1 + sij) x (stick) + G ^( 1 + st 2) x ( q )  (3-9)
where Tj and t 2 are time constants.
This is an integral of error technique and the steady rate is given
V  G
- ~ ~ x (stick) (3-10)
2In this respect this system is similar to the earlier types discussed 
but the stability is different. Again ignoring inherent aircraft stability 
the response of the aircraft will be
-Ks20 = n
With the stick fixed we have
(Ks2 + t 2G2s + G2) s6 = 0 (3-11)
Eq.(3-11) represents a higher degree of stability than any of the previous 
systems. If disturbed the vehicle will return to its original attitude. In 
addition, h is not determined by the control equation and therefore, apart from 
transients, the system always gives exactly the response demanded, irrespective 
of trim changes or steady disturbances. One accompanying problem that this 
poses is that the position of the stick gives the pilot no information as to 
the amount of control being used, unjike the earlier systems described.
The manoeuvre demand concept described is a ’fly-by-wire* system with 
mechanical back-up. In terms of pure control system performance this type of 
system is very effective; however it does have some serious disadvantages.
Firstly the electrical design is constrained in order to provide a compatible 
interface with the mechanical back-up system. Secondly, there are large cost, 
weight and maintenance penalties associated with a system that will spend a 
largetproportion of the time inactive. Finally, the mechanical back-up system 
must.be synchronised with the electrical system to prevent dangerous transients 
upon reversion. Since all these problems result from the presence of the standby 
mechanical linkage, they could be obviated by dispensing with it, and using a pure 
fiy-by-wire or electrical signalling system.
4*5 Fly-by-wire systems
19These represent 7 the control system of the future once integrity and 
reliability can be demonstrated. With no mechanical constraints, the electrical
system can be designed to provide the pilot with responsive and yet stable 
handling characteristics throughout the total flight envelope of the vehicle, 
even though this may be from the hover to subsonic flight through transonic 
to supersonic flight, and the aircraft may be inherently unstable in one or 
more of these flight regimes.
Pig 22 is a simplified block diagram of a fly-by-wire system. In concept
the system is simple; the major problems are only apparent when the detailed .
design is considered. The most demanding criterion to meet is the system integrity.
The safety of the aircraft will be compromised unless the control system is
extremely reliable. Currently the reliability of a single channel electrical
system is orders of magnitude less than a comparable mechanical link. Therefore
multiple lanes are required to provide system redundancy. The rationale for
determining the number of lanes is complex. Suffice it to say that the system
7reliability should be such that less than one failure occurs every 10 flight 
hours. In practice, quadruplex systems are favoured which consist of four parallel 
lanes which cross monitor each other. The quadruplex system can survive two 
failures and still remain operational, because the two remaining lanes have the 
ability to cross monitor or self monitor.
When considering the total system integrity, all the other components of 
the system have to be monitored in addition to the electrical signalling channels. 
These include the actuators, moving control surfaces, electric and hydraulic 
power supplies and sensors. Each will have different failure rates and therefore 
a different requirement for redundancy. Coupled effects need to be considered 
as well, such as the failure of an electrical sensor consequent upon a power supply 
breakdown. The overall system calculations are extremely complex.
4.6 Outer loop control
All the concepts described in this Chapter so far have addressed the problems 
associated with the basic inner loop control of the aircraft: that is control of
bank angle or roll rate about the aircraft longitudinal axis, elevation angle or 
pitch rate about the lateral axis and yaw rate about the normal axis. To maintain 
pilot control activity within acceptable bounds it is desirable that the authority 
of the augmentation system is such that loss of stability and damping and also 
trim changes during the deceleration are compensated. To assist in the outer 
loop flight path control it is also desirable that gross cross-coupling effects 
are minimised. Por example, a deceleration manoeuvre should not result in a 
rapid gain in attitude which would require considerable pilot compensation.
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To enable the v/STOL aircraft to perform a fully coupled approach, an 
automatic deceleration to a hover and a vertical landing onto a small pad, 
autopilot systems would be required in height, azimuth and range. The autopilot 
can operate as shown in Fig 23. In heading for example, the azimuth coupler 
would receive track data from an ILS or a MADGE type system and feed the output 
of a suitably processed control law onto actuators acting on the lateral stick 
and rudder pedals. A height coupling system would in a similar way produce 
glidepath error signals which would be fed to actuators on the for$aft stick 
and throttle controls. Finally the range coupler would feed signals to actuators 
mounted on the throttle and nozzle angle controls to decelerate the vehicle 
according to a control law which uses the range remaining as the principal input. 
Although these actuators can have high authority, the inputs which they make to 
the system have to be limited so that the pilot can override autopilot failures 
by holding,the stick or throttle etc.' Using this technique the inherent problems 
of failure of a simplex autopilot can be overcome.
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DISPLAY PHILOSOPHY AND HUMAN ENGINEERING ASPECTS
CHAPTER 5 ■
The analytical techniques which can he and are applied to the selection
and optimization of a flight control system cannot he easily applied to the
display system because of the role of the human operator in the control loop.
In the ’pilot-in—the-loop’ system depicted in Pig 24, the determination of
the transfer function of the pilot whilst closing the control loop is very
difficult because of the inherent variability of subjects, their individual
self adaptive and learning abilities, their different responses to stimuli
under different external conditions and their individual variability in
motivation during a task or when repeating a task due to physical and mental 
20 21states. Work ’ has been carried out to reproduce the. human transfer . 
function particularly for tracking tasks and this has been reasonably 
successful. Human analogies are still at an early stage of development 
however, for the assessment of multi-loop, multi-axis systems, and more 
importantly they cannot be used on actual flight trials. Because of these 
problems the assessment of a display system is based currently on both 
qualitative and quantitative data, the ultimate criteria of acceptability 
being the pilot’s subjective opinion backed up by quantitative data where 
this is meaningful. Because of pilot individuality, a statistically significant 
number of subjects should be used when selecting display formats, and 
attention paid to the experimental design of the assessment to take account 
of learning and adaption effects. A system can thus be selected which 
will be acceptable to the majority of subjects, but this will not be 
optimum for all because of the variability effects.
This Chapter describes some alternative methods of presenting flight 
information to the pilot and their relative advantages and disadvantages.
The main emphasis of the Chapter however, is on the question of display 
philosophy. In many aircraft avionic systems, the selection of a 
particular display medium is determined by factors other than the approach 
and landing requirements: for example, the use of a head-up display for
weapon aiming requirements. The philosophy of presentation for the 
approach has to be determined however, by the particular requirements that 
that regime of flight imposes. Display philosophy in this context means 
the principles applied to determine the form in which information is 
presented to the pilot and the response the pilot makes. In the simplest 
case- for example, the pilot may be presented with separate pieces of
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situation information about the spatial position and orientation of the 
aircraft, which he has to integrate before making a control input. By- 
contrast the original information could have been combined and phase 
advanced to give a quickened error display or flight director where the 
pilot simply nulls the error with the appropriate control. The balance, 
between situation and augmented information is felt to be very important 
in the v/STOL approach context, and this was an aspect which was explored 
in depth during the e'xperimental flight and simulator work.
5.1 Conventional display systems
There now exist a large number of ways of presenting a given piece 
of flight data. Prom a human engineering viewpoint however, visual displays 
can be divided into two main groups namely, conventional and electronic. 
Conventional electromechanical displays are usually head down, the flight 
data being presented by rotating pointers read against fixed dials. Pig 25 
shows a typical conventional instrument layout of a modern fighter aircraft. 
Present day instruments of this form have undergone many years of development 
since their early forerunners were fitted in the first aircraft. Because 
of the number of years in use and their long development, they are felt by 
the majority of pilots to be the best form of display, being extremely 
reliable and easily read.
The main disadvantage of the conventional instrument display is its 
lack of flexibility. To present data suitable for the many flight regimes 
of modern multi-role aircraft using conventional techniques requires many 
additional instruments and many of these will only be used once or twice 
during a mission. This adds to the general clutter on the instrument panel 
and produces a difficult scan pattern for the pilot. Electromechanical 
instruments are also limited to the extent that there is a maximum number 
of meter movements that can be integrated into one instrument without 
increasing its complexity to the degree where reliability and integrity 
will be compromised.
During the course of the present work it was realised at an early stage 
that the conventional display concept was too limited to show the variety 
of information required for v/STOL approach and landing role especially 
during the development work, where flexibility was essential when evaluating 
different display formats. It is believed that individual conventional 
instruments still have a role to play in the presentation of basic flight 
data, but that electronic displays will ultimately take their place once
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integrity and reliability problems have been overcome. The many advantages 
of electronic displays are discussed below.
5.2 Electronic display systems
One of the main advantages of electronic displays is that they can be 
time shared. This allows many different formats to be presented, selected 
by the pilot when required. These formats can be produced from different 
sources within the aircraft: for example, way-points and diversion airfields
tabulated from the navigation system, or image data from an external sensor 
such as forward looking infra-red or low light television.
The multi-mode capability means that the pilot can select specific 
information when required rather than having it presented all the time and 
thus creating a ’cluttered9 cockpit.
One of the problems hitherto associated with electronic displays is 
their low reliability compared with conventional instruments. As in the 
flight control case, reliability problems can be overcome by building in 
sufficient system redundancy. One feasible approach is to have three display 
units each of which are multi-mode, and switch formats from display surface 
to display surface in the event of a failure. Primary flight data for 
example would take precedence over anything else and be automatically switched 
to the most easily read remaining surface after a failure.
Another advantage of present generation electronic displays is that 
they employ digital techniques to generate formats (apart from the final 
display deflection drive which at present is analogue). These digital sub­
systems can be easily incorporated into digital transmission concepts which 
allow the overall avionic systems architecture to be simplified. Once 
common interfaces and data coding are accepted then multiplexed data can 
be transmitted over a single time-shared signal line so reducing the number 
of cables and hence weight and electro-magnetic compatibility problems, as 
well as easing modification and growth problems.
At the present time the cathode ray tube (CRT) is the principal display 
surface. Two drive techniques are currently in use, the TV raster form and 
the cursive or stroke written form. To be truly multipurpose, displays 
should be capable of writing in both ways. This creates problems however, 
in the design of the deflection system which normally uses a DC deflection 
amplifier for the cursive display and a tuned AC deflection amplifier for 
the raster display. To attain the writing speeds of the raster system using
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DG deflection techniques requires increased power. Alternatively, using 
the raster to produce all forms of pictorial display, requires additional 
hardware and more complex software programmes. The raster is currently 
the favoured system for all applications, since micro-miniaturisation allows 
additional hardware without significant weight or size increases, and software 
problems can be reduced with high level languages once the compilers and 
interpreters for a particular machine are written. Transmission between units 
is also slightly easier with raster displays, as only common line and frame 
pulses are required to synchronise the internally generated timebases in 
individual units. These signals are frequently incorporated into the video 
waveform to produce a composite signal, For the DC drive system separate 
X and Y deflection signals and Z modulation (bright-up signal) are required.
The high brightness capability of the cathode ray tube allows it to be 
used in direct sunlight conditions, although contrast enhancement filters or 
similar devices may be required to attenuate unwanted tube face reflections 
and improve general legibility. With the advent of rugged tubes, the 
general resistance to shock and overall reliability has improved considerably. 
The main problem remaining is the volume and weight of the CRT for a given 
screen area. If the length is reduced to reduce weight and lessen the 
problems of installing the unit in the instrument panel, the deflection angles 
increase and hence the power requirements. In addition a short length prevents 
the use of certain deflection techniques such as high-speed and low speed 
coils.
The final objective is to produce a Tflat? CRT only a few inches thick.
22Matrix techniques are being applied here fairly successfully, but these 
create problems of addressing particularly in a high density array. Semi­
conductor light emitting diodes of gallium arsenide and gallium phosphide 
offer adequate brightness and fast switching response. They are however, 
very expensive in comparison to the CRT and it will be some time before 
arrays of 500 x 500 elements suitable for a TV raster form can be manufactured 
economically. Several other matrix concepts currently exist but these have 
similar problems. It is concluded that operational electronic displays will 
employ the CRT as the principal display surface for some years ahead, that 
is until matrix displays offer a viable alternative.
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The principle of operation of the head—up display was briefly described 
in Chapter 2.2 and illustrated in Fig 7* The majority of current operational 
HUDs are driven from an electronic waveform generator, the display formats 
being presented either cursively or in raster mode on the face of a CRT.
The CRT and immediate drive electronics are combined with an optical module 
and combiner assembly into the Pilots Display Unit (PDU). The juxtaposition 
of the optical module and CRT is arranged so that symbols written on the 
tube lie on the principal focal plane of the optical module. In this way a 
collimated image of the symbols is seen, superimposed against the outside 
world when the pilot looks into the combiner glass. The optical module 
consists of a doublet arrangement of lenses with a nominal f/l.O relative 
aperture. The doublet is positioned each side of a mirror which turns the light 
path through 90° and. allows the CRT to be positioned horizontally. Fig 26 
shows a typical HUD field of view as seen when viewing the display with both 
eyes. Each eye sees a lens exit pupil or ’porthole* displaced horizontally 
by an amount proportional to the eye separation. The left eye views the
right half of the display and conversely. The size of the exit pupil and
the total field of view is determined by the size of the lens. Because the 
display is collimated, symbols have a constant subtense at the pilot’s eyes 
irrespective of viewing distance. The exit pupil however, is a constant 
linear size whose subtense decreases with increasing viewing distance.
Typically HUDs are viewed from a distance of 375 providing the pilot with
an instantaneous field of view of 18° in azimuth by 11° in elevation. (This
assumes a 100mra exit lens and an observer eye separation of 62 mm). The 
relatively narrow band phosphors used in the CRT allow the lens design to be 
optimised for monochromatic light. Spherical aberration and coma effects 
are minimised, to achieve as flat a field as possible for all field angles 
over all sagittal and tangential sections. The optimisation is undertaken 
at the expense of chromatic aberration which is of no relevance in this 
monochromatic application. When the HUD is correctly set-up, the display 
format viewed through the combiner glass is seen against the outside world 
without detectable parallax or convergence effects.
As discussed in Chapter 2.2, the fact that the head-up display format 
is in the same focal plane as the outside world, eliminates the requirement 
for constant cross referencing between head down instruments and visual scene,
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and tho accompanying requirement to refocus the eyes. The possibility of 
having to adjust to different light levels when looking inside the cockpit 
is also removed.
The head-up display system as it is understood today was a development
from the collimated gyro-gunsight. The introduction of the electronic
waveform generator and the very bright CRT enabled much more information to
be presented than had been possible hitherto with the illuminated graticules
used in these early systems. When the head-up display concept was first
examined it was initially believed that the flight information and the details
of the visual scene could be absorbed simultaneously. A significant
proportion of the early fundamental research on head-up displays, undertaken 
23largely by Naish , was directed towards analysing the transfer of attention
from the visual scene to the head-up display and to the head down instruments.
This work was largely qualitative, but the subjective results tended to2/support Broadbent’s mode], for human attention . This postulates that 
information can only be absorbed, and acted upon in a time-sequential way. 
Based on this early work, additional research and a large amount of 
operational experience, it is now accepted that although the flight data 
and visual scene may be in the same focal plane, the information is processed 
serially by the operator. This factor needs to be taken into account when 
devising training methods on the head-up display, since the formation of 
effective scan patterns can do much to alleviate the serial nature of the 
pilot’s attention particularly where information needs to be read against 
the outside scene.
5-4 Information Requirements
The flight information requirements of the v/STOL aircraft during the 
approach can be divided into two categories; firstly, those quantities which 
are required throughout the flight envelope of the aircraft, and secondly 
those required to perform the particular approach and landing manoeuvre. 
Considering the basic flight data initially, the inner loop data which is 
essential is pitch and roll attitude and angle of attack (incidence). In 
addition, many pilots feel that either velocity or some scaled form of 
flight path angle in elevation and/or azimuth is highly desirable throughout 
the flight envelope, particularly when the aircraft has an inertial 
navigation system which can provide this information accurately and without 
a high noise content. Essential outer loop information comprises barometric 
pressure altitude (preferably with selectable radio height for low-level 
flight), vertical speed, airspeed and heading.
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In the inner loop control the additional quantity the pilot needs 
for the approach and landing manoeuvre is sideslip angle or preferably 
lateral acceleration. This is particularly important where the aircraft 
develops adverse handling characteristics during the transition as already 
described in Chapter 1.1. The main outer loop quantities required for the 
approach are those that enable the pilot to relate his spatial position 
to that of the landing area, and then once he is approaching the landing 
site, additional data which advise- on his progress and whether errors are 
developing. The positional data would comprise range, height above landing 
site, and azimuthal angular and positional data. The range signal would 
normally be slant range (R) or in some instances range along desired track 
(x) # The height information could be provided by barometric or radio 
height, but because of pressure errors in the'barometric system and noise 
on the radio height signal due to ground obstacles, it is preferable that 
aircraft height above flight path origin be displayed to the pilot, as 
telemetered from a ground aid of the form described in Chapter 3.3. In 
azimuth the pilot needs to know the heading of the required approach track 
(known as QDM) and additionally his position relative to that track, either 
in angular form as a bearing angle M  to the landing area or as a linear 
displacement from desired track known as crosstrack error (y) * To assist 
in holding track, wind vector information is useful to the pilot provided 
it can be updated regularly.
Guidance information to assist the pilot in recovering and holding 
track, maintaining the programmed elevation profile and holding the desired 
speed, can be presented in many different ways as will be discussed in the 
next section of this Chapter. In many cases however, the guidance information 
takes the form of a control law driving an error display. The quantities 
combined in the control law for each control task can be as follows. For 
height control, height error relative to the programmed profile and aircraft 
vertical speed. In azimuth, heading error (aircraft heading relative to 
approach centreline heading), bearing angle and rate of change of bearing 
angle, or crosstrack error and orosstrack rate. For speed control during 
the descent, the aircraft ground speed vector may be required as an error 
value from a datum, and during the deceleration a combination of remaining 
range and a function of groundspeed. Additionally to the above, to aid 
vehicle control the pilot will require to know total thrust, available and 
thrust vector angle together with engine data and fuel flow. Thrust and
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vector angle can be used as phase advance or quickening information in 
height and speed control respectively.
5*5 Philosophy of Presentation
Once the display medium and information requirements are determined, 
the final stage in the display system development is to decide the form 
in which the information is presented to the pilot. This aspect, which 
was touched on briefly in the introduction to this Chapter, is felt to be 
a crucial factor in control and display interaction and was explored in 
depth during the work on which this thesis is based.
When designing a display format for any application two factors need
to be considered at the outset. The first one is "clutter11, which is where
a large proportion of the display surface is covered with scales, digital
readouts, and moving symbols etc. At best this can cause confusion and
misreading. On -a head-up display clutter is sometimes referred to as
23’obscuration ratio’ , and where this is high the pilot may be prevented 
from seeing an important feature in the outside world. The second factor
is "coning of attention" which is less obvious, but its prevention is just
as important. This phenomenon is the fixation by the pilot on one 
particular symbol on the display to the detriment of a normal scan pattern
over all the symbols. Its cause is not always clear but it can be frequently
due to one symbol being unnecessarily dominant or demanding. Fundamentally, 
the display should be designed to present the required information concisely 
and without ambiguity, and without undue dominance being given to a 
particular parameter. If this is achieved, the pilot can build up a scan 
pattern which closes the control loop ensuring that every symbol is monitored 
adequately over a given period.
Section 5-4 on information requirements demonstrated that the v/STOL 
pilot needs a considerable amount of data to execute the total approach and 
landing manoeuvre. If all these quantities were presented separately on a 
display the result would be a very cluttered format. Where possible and 
desirable, quantities can be combined into one signal quantity or alternatively 
co-located into one display area. The former technique gives rise to the 
concept of the flight director where the displacement between two display 
elements represents a flight path error whioh is formed from several related 
quantities under the control of the pilot,added together after scaling by 
different constants of proportionality. Fig 27 depicts one form of director.
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This particular one was first developed by Naish . It represents a pathway 
in the sky where two imaginary parallel lines running horizontally out from 
the aircraft along the required track, bisect equispaced lines running at 
right angles. The pathway when viewed from the aircraft is seen in 
perspective where the vanishing point or direction dot is where the aircraft 
should be flown.
26Prom work done by Weems and Zweng the flight director is understood 
as a device capable of showing both an error, and. the time dependent 
influence of action taken to alter the error. This is well demonstrated 
by the example below:
A typical control law which may be applied to the error, y^ , shown in 
Fig 27 is:-
(st + 1)
yA - V  + K2(*a - V  + V  v  -  ,) (5-1)
25
where y, is director errorA
cf> is aircraft bank angle
\jj is  aircraft heading
1/  is demanded aircraft heading (QDM)
y is lateral displacement or crosstrack error
s is the Laplace operator
T j,.t2 are time constants
K , K^, 1/ are constants.
In Pig 27 if the pilot flies the winged circle, whioh represents the 
aircraft, to the dot then the error can be nulled. Because the equation 5*1 
contains bank angle whioh is a ’quickening’ term the error can be nulled as 
soon as bank angle is applied, and if the constants of proportionality are 
chosen correctly then an optimum recovering to the required track can be 
made, because a ( /  - / )  and   ^ ----  « <(> »
Equation (5-1) can be rewritten in a simplified form as
K +  k  +  V  v =  y  . (5-2)1 , 2  2 dt 3 YA  ^ }dt
When y^ is zero and Kj - Kg are optimised, a minimum overshoot recovery onto 
track can be achieved.
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Fig 27 The Naish fighter director
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This example shows that no direct readout of hank angle, heading, or 
crosstrack error was required to enable the pilot to recover required track, 
optimally. The use of the director philosophy has to be moderated however 
by the requirement to keep the pilot informed of the situation. Theoretically, 
the pilot only needs three directors to follow the complete transition 
manoeuvre and this would produce a simple uncluttered display. However, 
because this approach treats the pilot as a simple position servo-mechanism 
he would not be able to complete the manoeuvre satisfactorily in the event. 
of a director failure.
» »An alternative technique for combining information is the integrated
display where several related quantities can be easily read from the
27juxtaposition of two display elements . This is illustrated in Fig 28 where 
angle of attack (a.) flight path angle in elevation (y) and pitoh attitude 
(6) can be read from the horizon bar and extended aircraft symbol. In most 
applications a balance has to be found between director and situation 
information as discussed below.
One area where the inherent ability of the pilot is deficient is the
judgement of range. The human eye sees everything in angular terms, and the
range finding ability using two eyes disappears beyond a limited distance
(this is in the order of tens of metres depending on the individual). At
large distances, range can be determined by the relative movement of objects
over an elapsed time. During visual landings a pilot can judge the angular
position of an object, but is far less sure about range and range rate information
If the detail in the outside scene is degraded from normal due to mist
or darkness, range judgement becomes extremely difficult. However,
by choosing alternative axes for the display it is possible to present certain
quantities in a form that allows rapid subjective assessment of value. Thus
a forward looking type of display or Vertical Situation Display analogous to
the normal view cannot provide a sense of range adequately, but a plan position
view or Horizontal Situation Display can present this -quantity in an easily
assimilated way. Similarly, neither of the above forms can directly present
height as a displacement, but this oan be easily achieved by a sideway looking
28 29display or Profile Display. Walters et al ’ ^ postulated that the combination 
of instruments to ensure each quantity is presented in its optimum form would 
comprise a vertical situation display, a horizontal situation display and a 
profile display. It is agreed that the scan pattern of such a separated 
display is, however, too great.
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The principal display format and control laws developed and evaluated
during the course of the present work were based on previous extensive
simulator studies^0 . This work demonstrated that a V/STOL instrument
approach display based primarily on the director philosophy may facilitate
accuracy, but lacks the situation information essential for safety and
needed to fully utilise the flexibility of v/STOL aircraft. A display of
this form may also produce a high pilot workload, as concluded by Kelly et 
31al . Fig 29 shows an earlier format investigated which was termed a
32control director format . As shown in the drawing three directors were 
presented, for nozzle, throttle and stick control respectively. The 
control laws driving each director were modified automatically with reducing 
range, so that if the pilot nulled each of them continuously the simulated 
aircraft followed a stepped approach profile, finally coming to the hover 
over the landing area. The display worked adequately, and profile 
following accuracy, once the learning curve had been surmounted, was good. 
The fundamental problem however, was that the pilot only had height and 
heading information to provide him with spatial position information, and 
if a director was deliberately failed at a null position, it was some 
considerable time before the pilot realised and took the appropriate action. 
In many instances this was too late to prevent a crash occurring.
The converse form of display to the above, the pure situation approach
display, meets the spatial position information requirements and many require
a lower pilot workload than the director display at the expense of reduced
aocuraoy. The principal display developed during the present work combined
the two philosophies, integrating plan position situation information with
guidance information to aid the pilot in the flight path holding and
deceleration tasks'^* Superficially, the accuracy requirements in the
final stage of the approach are less stringent for the v/STOL aircraft than
for conventional aircraft, since at slow speeds the former can easily
manoeuvre to correct flight path excursions. However, in the operational
scenario accurate guidance is frequently required because of obstacle
clearance, tactical or air traffic control considerations. One form of the
display investigated is shown in Fig 30. This had a combined vertical and
horizontal situation display format for which a full UK and European patent
35is held by the Ministry of Defence >
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One feature of the format which made it particularly suitable for the 
approach guidance of v/STOL aircraft was the integrated form of the horizontal 
situation element. This consisted of a landing pad symbol and approach track 
line, both driven from a fixed reference mark, which not only presented the 
track displacement as with ILS, but also showed the bearing of the approach 
centre-line together with range to touchdown. Thus the pilot not only knew 
from the display that the aircraft was left or right of track, but also 
whether the aircraft was converging on the required track or departing from 
it. Presenting the total horizontal situation in this integrated form 
therefore enabled the pilot to make control inputs during the approach 
without having to combine information from several disparate sources, eg 
ILS meter, compass and required approach track. The analogue presentation 
of range provided by the landing pad symbol moving towards the reference 
mark in the final stages of the approach was particularly important for 
short take-off and landing (STOL) aircraft as well as VTOL aircraft, where 
undershooting or overshooting by even a short distance could be dangerous.
A fuller description of the display format and control laws and the
rationale for its development is given in subsequent Chapters. The above 
brief description and discussion does give an initial appreciation of its 
advantages.
It is agreed that other types of display could provide similar 
information, a perspective runway symbol for example, one form of which, 
developed by Walchli et al is described later. The display computing 
to produce this format is usually complex. Also an overlay of this nature 
cannot be used satisfactorily in the presence of large aircraft drift angles
within a narrow display field of view.
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CHAPTER 6
This Chapter describes the experimental flight and simulator trials 
carried out during the course of the present work. Although each programme 
had specialised objectives, .the main objectives and hence most of the 
results are completely relevant to this thesis. The overall objectives 
were to investigate the terminal area flight profile and establish an 
understanding of the problems of instrument flight with.a powered lift 
aircraft throughout the transition envelope, and to determine the nature 
of the flight limitations imposed by the inherent handling qualities of 
the aircraft. Subsequent and more specialised objectives were to develop 
suitable approach techniques, define the associated display and flight 
control system requirements and to assess the effects of wind and visibility 
variations on the approach task.
The SC 1 aircraft manufactured by Short Bros and Harland was the 
first flight test vehicle. This was used to investigate approach techniques 
suitable for a civil VTOL aircraft operating into a city centre. The 
second trials aircraft was the CL 84 manufactured by Canadair of Canada.
This was employed to investigate approach techniques suitable for a military 
aircraft approaching a site such as a restricted woodland clearing or a 
carrier deck. The research using the CL 84 was principally aimed at the 
operational Harrier aircraft. The results from this work were subsequently 
evaluated in the third flight test vehicle, the Harrier T Mk 2 manufactured 
by Hawker Siddeley Aviation. The flight simulator was programmed to represent 
each of the test vehicles in turn, prior to, during, and after the actual 
flight trial. Por the CL 84 however, only a brief quasi-static simulation 
was possible because this work was carried out mainly in the United States of 
America.
Por reasons of limited aircraft endurance and their specialised nature 
and hence the specialised pilot skills and training required to fly them, 
only a limited number of subject pilots were used on each, trial. Three test 
pilots flew on the SC 1 programme, six on the international CL 84 programme 
and two on the Harrier programme. This limited number of participants was 
compensated by the simulator trials, where there were far fewer constraints 
apart from pilot learning curve and aptitude problems. Consequently, the 
average number of pilots used in these trials was twenty which was more 
significant from a statistical analysis viewpoint.
FLIGHT AND SIMULATOR PROGRAMMES
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In terms of total flying hours and participating pilots, the CL 84
trial was the most significant of the three flight programmes. This was an
international tripartite programme in the United States of America,where
a total of 57 hours of flying comprising some 280 approaches was achieved
in the periods which addressed the present work under the control and
direction of the Royal Aircraft Establishment. The specific results of
37this work have already been reported separately.
In the SC 1 flight programme some 20 hours of flying were completed 
comprising 70 sorties. The main problem during the execution of the SC 1 
trial was the extremely limited endurance of the aircraft which meant 
that only one approach could be achieved per sortie. As described in 
subsequent sections the advanced-concept flight control system installed 
in the SC 1 allowed this aircraft to be used to investigate the potential 
of VTOL aircraft in civil operations and the results from this work were 
also reported elsewhere . Papers comparing the results of the two 
trials in the SC 1 and CL 84, one by Rustin written from a piloting view­
point are given at Refs 39 and 40*
Only limited evaluation of the approach display system was achieved ' 
using the Harrier T Mk 2, which was the direct follow-on to the CL 84 
trial, and consequently no meaningful quantitative data was obtained from 
this trial. However, sufficient flying, backed up by flight simulator 
investigations, was achieved to highlight problem areas.
6.1 Experimental aircraft and simulator description
(a) SC 1 aircraft
The first flight test vehicle, the SC 1, was a single seat VTOL aircraft 
powered by five jet engines: four lift engines in the centre of the 
fuselage and a single propulsion engine in the tail. Pig 31 shows the SC 1 
in flight, and Pig 32 is a diagram showing its layout. The lift engines 
could be tilted forward relative to the aircraft Vs normal axis by up to 
12 degrees for deceleration and aft by up to 23 degrees for acceleration.
In common with other types of jet-lift aircraft, the SC 1 had both 
aerodynamic and jet reaction flight controls. The former consisted of 
conventional elevator, aileron and rudder surfaces, the latter comprised 
reaction nozzles situated under the nose, tail and wing tips. Yaw control 
in hovering flight was achieved by differentially swivelling the nose and 
tail reaction nozzles.
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Purely from a flight trials design and organisational viewpoint, the 
SC 1 had two major disadvantages. Firstly, it had very limited endurance, 
this being approximately 30 minutes for conventional flight and 7 minutes 
hovering flight. In a typical sortie where both lift and propulsion engines 
were used the endurance was about 15 minutes which meant that the pilot was 
very constrained particularly during the long vertical descent. Secondly, 
because the aircraft was single seat, screens could not be used to simulate 
instrument conditions. ■ Display assessments were therefore more restricted 
and less, meaningful than in: the other trials.
(b) CL 84 aircraft
The second test vehicle, the CL 84 bad a radically different 
configuration to the SC 1.
This aircraft shown in Pig 33 and in cutaway in Pig 34 was a two- 
seat twin turbo-prop that employed the tilt-wing deflected slipstream 
concept. The wing/engine combination could be tilted to any angle between 
zero (conventional flight) and 100 degrees, relative to the longitudinal 
flight datum and was totally immersed.in the slipstream of the 4*27 m 
diameter fibreglass propellers. Each engine drove its own propeller 
through a gearbox with an overrunning clutch. The propeller gearboxes 
were interconnected by cross-shafting, hence in the event of an engine 
failure the remaining engine would continue to drive both propellers 
ensuring thrust symmetry.
41 42The CL 84 was- designed for one-pilot operation using
conventional aircraft controls of stick, rudder pedal, and power lever.
The only additional control was a switch on the throttle lever to enable 
the pilot to alter wing angle by an electro-actuator system. A mechanical 
mixing box, driven from wing angle, in the control circuit directed the 
pilot inputs to the relevant control surface so that stick arid pedals 
produced the normal control moments irrespective of the wing angle.
Roll control in hovering flight was achieved by differential propeller 
blade pitch which was phased out with decreasing wing-angle as aileron 
action of the trailing edge flaps was phased in to achieve roll control in 
conventional flight.
Yaw control in the hover was by differential movement of the flaps, 
which changed to a combination of differential flaps, differential 
propeller blade pitch and rudder movement as wing angle was decreased.
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s1 DOWNWARD VISION WINDOW
2 WING-TILT SCREW JACK
3 OIL COOLER INTAKE
4 ENGINE AIR INTAKE
5 GLASS-FIBRE PROPELLER 14 FT. DIA.
6 KRUGER FLAPS
7 FUSELAGE GEARBOX
8 RUDDER
9 CONTRA-ROTATING TAIL PROPELLERS 
7 FT. DIA.
10 ELEVATOR
11 PROGRAMMED-INCIDENCE TAILPLANE FOR 
VSTOL FLIGHT
12 FUEL CELLS
13 FLAP/AILERON
14 LYCOMING LTCIK-4C TURBOSHAFT ENGINE. 
1.500 S.H.P.
16 WING DOWN LOCK
17 ESCAPE HATCH
18 DUAL CONTROLS
Fig 34 Cutaway of the CL 84
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In conventional flight yaw control was by rudder fin movement with a small 
amount of differential blade pitch.
Pitch control in the hover was by blade pitch of 2.13 m diameter 
dual contra-rotating tail propellers. These were stopped and aligned in 
conventional flight, when pitch control was by normal elevator surfaces.
The tail propeller and a large horizontal stabiliser with vertical fins 
were programmed with wing angle to reduce horizontal trim changes during 
transitional flight.
The side-by-side seating arrangement in this aircraft allowed the 
use of blind flying screens for simulated instrument approaches. On each 
flight the left seat of the aircraft was occupied by the safety pilot, 
allowing the use of screens to obscure only the evaluation pilot’s forward 
view. The front screen took the form of a roller blind which could be 
released by a trigger on the safety pilot’s stick. In addition to the 
front screen, sidesereens could be used along the centre of the cockpit 
between the pilots and along the starboard cockpit windows. With all the 
screens in position, the evaluation pilot had no forward or peripheral 
vision of the outside world, forcing him to fly on the electronic display.
(c) Harrier T Mk 2 aircraft
Considering the final experimental aircraft the Harrier T Mk 2, this 
was a two-seat trainer version of the single seat Harrier. A full 
description of this type of aircraft was given in Chapter 1.1 and Chapter 2. 
Its most important feature was the thrust vectoring system which allowed 
the single engine to be used for conventional and hovering flight by the 
simultaneous rotation of the four engine exhaust nozzles. In contrast to 
the side-by-side seating arrangement of the CL 84, the two seats in the 
Harrier were in a tandem arrangement as can be seen from the picture of 
the aircraft in Fig 35* As in the SC 1, jet reaction flight controls 
were phased in automatically as speed decreased using by-pass air from the 
engine.
Although from necessity the trials on the T-2 Harrier were the 
shortest, as a test vehicle it had some advantages compared with the other 
two aircraft. From a trials viewpoint, it had much greater endurance than 
the SC 1 allowing four or five approaches per flight. In addition the 
tandem seating system allowed the safety pilot in the front an uninterrupted 
view of the outside world, while the evaluation pilot in the rear seat
81
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was fully screened. Although as already described, screens were used on 
the CL 84,because of the side-by-side seating arrangement they necessarily 
restricted the safety pilot’s starboard view. This meant that the conduct 
of fully blind approaches was slightly more hazardous than in the T-2 
Harrier.
(d) Flight simulator
The flight simulator, apart from directly supporting the individual 
flight trials, was used as a bridging facility between them. Because it 
enabled the trials aircraft to be simulated prior to the flight 
investigation, new problem areas created by the particular handling 
characteristics of the vehicle could be assessed and preliminary solutions 
found. Although each of the trials aircraft had a different flight control 
system which in toto spanned most of the range of current concepts, it was 
not possible to vary the individual system’s characteristics significantly. 
The simulator did not have this constraint however, and the effect of 
modifications to the control system of a particular simulated aircraft was 
an important contribution to the overall programme.
The flight simulator computer used throughout the trials was an 
analogue system which comprised some sixty operational amplifiers and ten 
servo multipliers. Tho—marthomatioaJ—models u&ed-for the SC 1— and-Hamler
was achieved by modifying the Harrier model to give a representative 
reproduction of its characteristics for a particular flight regime).
on fixed dimensional derivatives. As this gave a simulation which was only 
representative of the aircraft over a limited speed band, the facility was 
expanded for the present work using the full force and moment equations. 
Because these reproduced the variation in lift and drag due to incidence 
changes, the mathematical models were reasonably representative of the 
actual vehicle from the hover up to 170 kn.
The simulator cockpit shown in Fig 36 with the computer room in the 
background, was especially constructed to allow reproduction of single seat, 
side-by-side or tandem configurations. For the reasons discussed in 
Chapter 5 ? flight instrument information was presented to the pilot either 
on a head-up or head-down electronic display, conventional instruments 
being used to provide engine data and thrust vector position (nozzle angle
(The limited simulation of the CL 84
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\for the Harrier, wing angle for the CL 84 and engine tilt for the SC 1).
The flying controls of stick and rudder pedals could he programmed, in 
terms of force gradient, breakout and friction to be representative of 
each aircraft, and in addition representative throttle and thrust vector 
controls were used. The cockpit was fixed base so there were no motion 
cues to assist the pilot. External visual cues were provided by a 
monochrome simulated outside world presentation derived from a camera 
’flying over’ a modelled belt scaled at 1 in 2000 compared with the real 
world. Camera angular and linear movements were controlled from the 
ground axis transformation system in the analogue computer to give a final 
image which responded to aircraft pitch, roll, heading and vertical, 
longitudinal and lateral velocity changes in a representative manner. The 
outside world picture was viewed, through an infinity image lens assembly, 
on a television monitor mounted on the simulator cockpit. This gave the 
pilot a 48° in azimuth by 36° in elevation field of view of the simulated 
world at unity magnification. The visual system was particularly useful 
for assessing the problems of the transfer from instrument to visual 
information which were difficult to create in the flight trials. To 
achieve this,the outside world camera was fitted with graded translucent 
shutters which could be remotely programmed to reproduce any desired 
visibility and/or cloudbase conditions during the simulated approach.
In an attempt to create some additional degree of realism and to assist 
aircraft control,a noise generator was used to give basic aircraft aural 
cues of engine whine, roar,- aerodynamic air hiss etc and background r/t 
chatter was superimposed on the intercom link between cockpit and computer 
room,
6.2 Approach flight profiles
Apart from the SC 1 trial, the type of approach profile used throughout 
the trials was of the stepped descent form described in Chapter 3. The 
particular modifications and refinements introduced to suit the individual 
aircraft are discussed below.
The profile developed in the SC 1, was the exception to the above 
because this aircraft was used to investigate the problems of inter-city 
VTOL transport where an operational approach profile would involve an 
approach and decelerating transition at altitude followed by a vertical 
or steep descent, because of obstacle clearance and noise footprint
85
considerations. Fig 37 shows a possible operational profile that could 
be envisaged for an inter-city VTOL aircraft with a high payload capability, 
a large amount of lift and propulsion power, (typically 16 fan lift engines 
and two propulsion engines) and a manoeuvre demand flight control system. 
After the aircraft joins the circuit the profile commences with a level 
approach at a speed of 180 kn and a height of 1000 ft agl followed by a 
level deceleration commencing at 1 .5 km range and terminating in the hover 
vertically above the landing pad. This would be followed by a vertical 
descent commencing at 2000 ft/min, terminating in a visual landing. The 
SC 1 experimental profile also shown in Fig 37 was intended to emulate 
the full profile as far as possible, but was restricted by the endurance 
and performance of the SC 1 and the limited ’look angle’ of the ground 
guidance system. Also because this was the first of the flight programmes 
the total pilot workload and the effects of pilot learning were not known.
To cater for these aspects more than adequate time was allowed for the 
pilot to perform each of the approach stages. Following downwind and 
crosswind legs the trials profile started with a level approach at 120 kn 
ground speed and 450 Tt height agl and was followed by a level deceleration 
to the hover from a range of 2 km, A vertical descent commencing at 
500 ft/min was then made, the hover being re-established at 100 ft. agl.
The profile was completed with a visual landing.
In contrast to the SC 1, the type of approach profile investigated 
in the CL 84 and T-2 Harrier was orientated mainly towards military 
applications, and took the form of the stepped profile described in 
Chapter 3 and illustrated in Fig 17. One of the prime objectives of the 
CL 84 programme as, described in Ref 37, was to produce an instrument approach 
system that could be applied to the operational Harrier aircraft after 
minimum further development. To this end, the first approach profile 
investigated and developed on the programme was required to be • 
representative of a Harrier approach in terms of profile geometry and 
approach speed, whilst being compatible with the handling qualities and 
techniques of the CL 84* This profile, shown in Fig 38, had to be a 
compromise between these two requirements and was not an optimum 
operational profile for either the CL 84 or the Harrier. It did however 
contain the component parts of such a profile with the restriction that 
it did not include such possibilities as a curved approach and/or a 
deceleration on the glideslope.
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In detail the profile consisted of a constant track in azimuth with 
the stepped approach in elevation. This comprised a 4° descent from 
1000 ft agl circuit height at approximately 90 kn airspeed, followed by a 
flare to level flight at 200 ft agl at 2,5 km range. The deceleration 
commenced at 1 ,2  km range during which level flight was maintained, (in 
practice the aircraft descended during the later stages of the transition, 
a visual landing or overshoot being made from 50 ft agl). A height of 
200 ft was chosen for the inbound instrument deceleration to ensure that 
the pilot did not feel too constrained, particularly as there was initially 
no knowledge of what height excursions might occur during this manoeuvre.
The approach speed of 90 kn used is well below the figure of 130 kn 
described in Chapter 3, which was the maximum speed recommended for under­
taking approaches in weather minima of 800 m visibility without having to 
do part of the deceleration on instruments. Full instrument decelerations 
were undertaken during the trial to demonstrate the feasibility of such 
operations, but the increase in workload was. significant as discussed in 
Chapters 8 and 9 .
In subsequent phases of the CL 84 trials, two additional profiles 
were investigated, which were more closely matched to the handling 
characteristics of the aircraft, to establish the lowest realisable weather 
limits with an acceptable pilot workload. One of the profiles was developed 
for vertical landings, the other for short landings. These profiles are 
shown in Fig 39. In order to eliminate the high workload associated with 
the deceleration from 90 kn at low level, a partial deceleration from 90 kn 
to 40 kn was undertaken at 1000 ft prior to the glideslope intercept. At 
this height and associated range, the pilot was not constrained by height 
or track keeping requirements. From close range a steep 90 glideslope was 
followed, which was either terminated in a short landing or a flare to 
100 ft agl followed by a deceleration to the hover, The rationale used 
to develop these special profiles and the improved performance achieved 
using them are both discussed in the subsequent results Chapters.
The approach profile developed and validated in the T-2 Harrier was 
very similar to the one used initially in the CL 84. This is shown in 
Fig 40 and comprised a level deceleration at 1000 ft agl from cruise 
speed down to 120 kn, followed by a descent at this speed from 1000 ft agl 
height and 7*5 km range, at a descent rate of 500 ft/min to flare at 
200 ft agl at a range of 1 km. The final deceleration commenced below 
800 m as soon as visual contact was made with the landing area. This
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profile was designed for use in weather minima of 200 ft.cloudbase and 
800 m visibility and meets the criteria laid down in Chapter 3.
Although other forms of profile were investigated on the simulator, 
none were as acceptable from a handling viewpoint as those already 
described. Apart from the SC 1 support trials, all the control and display 
trade-off investigations were examined using a form of the stepped profile.
6.3 Flight control systems
The SC 1 aircraft had an advanced flight control system based on the 
manoeuvre demand philosophy described in Chapter 4-4? and. illustrated in 
Fig 21. A full account of its development was given by Chinn48 but the 
features relevant to the present studies are described below.
The pitch and roll channels were of similar type, each being 
electrically signalled and having full authority. To guarantee.system 
integrity, the channels were triplexed on a mean majority voting principle 
and monitored by a fault detection system. Rate and attitude modes were 
available in pitch and roll which operated on the manoeuvre demand 
principle. The control surface deflection rate was proportional to the 
control erro^ and gain scheduling compensated for changes in airspeed.
In the roll channel the attitude term was limited to 17 degrees of bank 
demand, and beyond this figure the control characteristics reverted to 
rate demand to prevent the autostabiliser from running out of authority.
The yaw channel is illustrated in Fig 41 where the authority of
the servo was limited to 25 per cent of full control. In addition to
the. pilot’s demand three signals were fed to the autostabiliser: sideforce, 
rate of yaw and aileron angle. Sideforce was the. most important of 
these providing artificial weathercock stability (Nv) during low speed 
flight, the other two signals improving the lateral and directional 
handling characteristics.
In the CL 84, a stability augmentation system was provided in all
three axes to improve the basic flying and handling characteristics
during hovering and transitional flight. The system comprised single 
channels in roll and yaw of the form described in Chapter 4»1 and shown 
in Fig 18, with dual channels in pitch to give increased system integrity 
in this axis. Fig 42 shows the layout of the pitch channel. This 
particular system gave the pilot , rate damping in each axis plus attitude 
stabilisation in the pitch axis. The.output from each channel was a
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mechanical movement of a hydraulic linear actuator which was directly 
summed to the appropriate stick or rudder pedal movement at the input 
to the control mixing box. The input to each of the four channels was 
from rate gyros via the autostabiliser computer to the appropriate 
linear actuator. An additional input to the pitch channel for attitude 
hold was from the vertical gyroscope. The system also incorporated a 
yaw command augmentation system. Here feed forward signals from the 
rudder, of the form described in Chapter 4*3 and illustrated in 
Fig 20, opposed the basic effects during pilot commanded yaw turns, so 
producing a fast aircraft response.
For the two seat Harrier T—2 the control system was very similar 
to the typical operational concept described in Chapter 2.1 and 
illustrated in Fig 6, and it is not proposed to repeat it here in the 
same detail. This particular system however, did have a refinement 
compared with the operational autostabiliser in that the analogue 
autostabiliser computer was programmable to allow control law 
modifications to be evaluated. Although the time constants on inputs 
and the gain ratio between terms could be altered, the overall system 
authority could not be increased. For the present work the control laws 
were set up to be representative of operational two-seat aircraft of 
this type.
As briefly described in Chapter 6.1 the simulator, although 
programmed to represent each aircraft and its control system, could look 
at additional variations. Using mainly the Harrier aircraft as the model, 
control system improvements were assessed in the context of particular 
display formats. The first progression from the rate system was the 
addition of an integral term in the forward loop. In the pitch channel 
this was a function of pitch attitude to give longitudinal stiffness so 
preventing the aircraft becoming unstable below 120 kn. During this 
work the effects and benefits of roll attitude stabilisation were also 
assessed. Although a reasonable electrical analogue of the mechanical 
control surface actuation system was developed during the work, it was 
more difficult to reproduce the effects of the mechanical control 
system in terms of control run friction, break-out and back-lash. 
Consequently the response improvement from stability augmentation to 
command augmentation systems through the addition of stick feed-forward 
signals was far less marked on the simulator than it would be on an actual 
aircraft.
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The final improvement in control system evaluated on the simulator 
was that of the full authority manoeuvre demand concept. Because of the 
limited nature of the simulated aircraft model and the wide scope of the 
work, these experiments were directed more towards establishing design 
principles than producing exact control laws.
6.4- Electronic display systems
In the SC 1 the pilot’s experimental presentation took the form of 
a cursively written head-up display, mounted centrally on the aircraft 
instrument coaming.as shown in Pig 43. By means of a pilots control 
panel mounted on the.starboard side of the cockpit, the pilot could 
select the symbol formats required, and inject flight profile parameters 
into the display system. Symbols displayed on the pilot’s display unit 
were produced in an analogue waveform generator coupled to an interface 
unit which dealt with input and output conversions, scaling and datum 
functions, and the computation of control laws. The system layout was 
similar to that depicted in Pig 8, Chapter 2. Input information was 
taken from a number of flight instrument sources in the aircraft 
including a data link receiver, which provided flight path information 
in cartesian form from the ground guidance aid.
The 100 mm exit lens of the pilot’s display unit gave a total field 
of view of 25°. Instantaneous binocular field of view varied with seat 
height and pilot’s head position as described in Chapter 5-3. With the 
pilot’s harness tight the maximum instantaneous field of view for a pilot 
with inter-pupillary distance of 63.5 mm was 14 degrees horizontally and 
8 degrees vertically, which was much less than in the other two aircraft, 
as demonstrated in Fig 44* This limitation was imposed by the cockpit 
geometry and meant that in certain display modes the pilot was required 
to move his head to see the complete format. Another limitation of 
this initial flight trial was that the analogue waveform generator was 
not programmable and had little capacity compared with later systems.
In consequence, only small modifications to the formats were possible 
during the trials and these involved changes to the unit circuitry.
In contrast to the above, both the CL 84 and Harrier T-2 were fitted 
with digital programmable electronic display systems. These employed 
a cursive writing technique and consisted of the following units; a 
digital processor containing a core store memory, an interface unit 
dealing with the input/output conversions and scaling,and a deflection
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amplifier unit driving the head-up pilot’s display. In addition to these 
major components there were interfaces with the ground tracking radar 
data link receiver, the airborne instrumentation system and aircraft 
sensors. Display formats were ’software9 programmed via a ground based 
loading unit which was plugged into the display system prior to flight. 
Complete programmes or amendments could be entered on punched tape or 
manually via a keyboard. As in the SC 1, pilot control panels provided 
in-flight mode changes, selection switches for the addition or deletion 
of individual symbols and flight profile demand inputs. Head-up display 
fields of view were similar in the two aircraft, total field of view was 
25° from the 100 mm exit lens and the instantaneous binocular field of 
view approximately 19 degrees horizontally by 11 degrees vertically. The 
particular display units used in the CL 84 and Harrier T-2 had reflector 
plates which could be moved forwards to lower the display ’porthole’ and 
improve display visibility for pilots with lower than average eye height. 
This movement illustrated in Fig 44 also increased the instantaneous 
field of view since the pilot/display linear distance was reduced. The 
full range of fields of view in each aircraft for different reflector 
plate positions is also shown in Fig 44* This amply demonstrates the 
large increase in effective display area in the CL 84 and Harrier T-2 
compared with the SC 1 aircraft.
To enable the safety pilot to monitor display commands, both front 
and rear cockpits of the Harrier T-2 were fitted with pilot’s display 
units as illustrated in Fig 45» T n  the CL 84 only the right handj 
evaluation pilot’s,cockpit had a display unit. To allow display formats 
to be assessed head-down for comparison purposes, an electronic head- 
down display was installed immediately below it. Under most situations 
this head-down display could be monitored by the evaluation pilot if 
required. The cockpit layout of the CL 84 is shown in Fig 4 6.
In each of the aircraft, the head-up pilot’s display unit Was fitted 
with a display recorder camera, shown in the respective Figs, to enable 
a photographic record of the display format to be taken during selected 
segments of the approach. This was useful as a pilot debriefing aid 
after each flight.
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In formulating the experimental design for each of the simulator 
and flight trials, the principles adopted were broadly the same even 
through detailed and specific objectives differed from trial to trial. 
Therefore, having carefully defined the particular objectives for each 
trial, the next task was to structure the experimental work. The first 
important factor was the provision of adequate time for pilot familiarisation 
both with the. experimental avionics system and the test vehicle. Secondly, 
the development work period was allocated, where alternative flight control 
laws or display formats were compared. Every development period, whether 
it was a mainly control or display orientated task, culminated in a 
system evaluation phase. In fact for some of the simulator trials, where 
a straight comparative assessment between two display formats was required, 
pilot familiarisation was immediately followed by an evaluation task.
Prior to the evaluation phase, it was essential to ensure that the pilots 
had surmounted the learning curve on the particular approach task, to 
prevent learning effects becoming included in the statistical analysis.
The way in which these essential features of the experimental design 
were applied to the individual flight and simulator trials is described 
later in this section.
Another important aspect of experimental design where common 
principles were used in all the trials was in the data gathering and 
analysis techniques. The assessment of a particular display format in 
conjunction with a given flight control system was based on two complementary 
sets of results. These were firstly the pilot’s achieved performance using 
the system and secondly his acceptance of it. Dealing with the performance 
measurements, these were mainly related to the flight path performance on 
track holding, height holding relative to the demanded flight path, and 
speed holding relative to the required speed profile. Rather than 
producing time histories, these quantities were plotted against range to 
give graphs that had greater physical significance when related to 
geographical features or positions on the approach. Statistical plots 
were produced by combining data measured at common ranges on a number of 
approaches which were flown using the same system configuration and 
similar conditions of wind and weather. In the context of the simulator 
trials, improvements to the closed loop formed by the flight control 
system coupled to aircraft dynamics were assessed from aircraft
6.5 Experimental design
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response curves. To a first order these could be related to the improvements
whioh would accrue from making similar changes to the actual aircraft system.
This final confirmatory step could not be taken within the confines of the 
present work however, because none of the aircrafts’ control systems were 
fully programmable.
To determine the pilot’s acceptability of a particular display/
control system for the approach task, reliance was placed on his subjective
opinion. It was argued in Chapter 5 that this should be a main criterion 
when assessing pilot-in—the-loop systems. In order to maximise the 
subjective opinion feedback, the participating pilots wrote structured 
reports immediately after each flight of the development flying period • 
in the majority of trials, and in addition completed structured question­
naires after system evaluation phases. These were based on continuous 
voice recordings taken during the flight, to ensure that the original 
airborne impressions were reported, and were not coloured by the lapse 
of time. Alternative quantitative methods for determining pilot acceptance , 
based for example on measuring his ’stress’ or 'workload’ are at present 
limited and can be misleading. Stick activity has been used in this 
context, but rather than being a measure of workload, it may simply indicate 
the level of air turbulence present on a given flight. Heart rate variation^ 
is an alternative method which has potential and although some recordings
of heaJ't rate were made in the SC 1 trials, insufficient were obtained to draw
any conclusions. Another technique which shows promises for future work is
4-5voice stress analysis , where a measure of workload can be derived by
analysing the pilot voice patterns during a flight. All of these methods
however, should be used in conjunction with the pilot's subjective opinion.
A technique for using pilot opinion to assess aircraft handling qualities
Awas devised by Cooper and Harper . In this evaluation approach, pilots 
selected one of the categories of system acceptability, which most nearly 
described his own view. This provided a rapid assessment technique which 
could be equally applied to display system selection. The Cooper-Harper 
assessment system was used to a limited extent in the present work.
In applying the principles of experimental design described earlier 
in this section to the individual flight and simulator trials, additional 
factors had to be taken into account. For example, pilot participation 
in the flight trials normally extended over a period of several months 
because of bad weather, system modifications, and aircraft unserviceability.
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This meant that it was difficult to maintain pilot proficiency on the task; 
whereas the simulator, with its unlimited endurance, could be flown 
continuously, a given pilot’s learning curve being rapidly surmounted. 
However, because the simulator lacked many of the cues of a real aircraft 
and used a simplified mathematical model, care had to be taken in applying 
results from the simulator immediately to the aircraft. To overcome this 
problem to some extent, the simulator was used to provide continuation 
training for the pilots during the aircraft’s unavailability, and using 
the pilot's experience the mathematical model was updated to more nearly 
match the aircrafts characteristics. This could not be entirely successful 
because of the limited cues the simulator provided, but it minimised the 
risk of obtaining one result from the ground trial and a contradictory one 
in the air. Another safeguard against this problem arising was the fact 
that the simulator was used mainly for comparative exercises, for example; 
selecting the better of two display formats. In this way the limitations 
of the simulator as an assessment medium influenced all the results in 
common.
Although a very limited number of pilots could take part in the 
flight trials for the reasons already given, this was not a limitation of 
the simulator trials. Thus, in order to increase the significance of the 
simulator results, as many additional qualified pilots were asked to 
participate in them, giving on occasions up to twenty subjects. Because 
some of those pilots only had limited V/STOL and electronic display 
experience however, they were used on the comparative assessments. Since 
many of these additional pilots could only take part in the trials over 
short periods, they flew the recorded runs in different sequences to 
average residual learning effects over the results.
Unlike the simulator, absolute measures of system performance and 
acceptability were required from the flight trials. It was very important 
to ensure therefore, that the subject pilots had surmounted their learning 
curves before commencing the evaluation phase of the trial. The judgement 
of this was not very easy, since the pilots themselves could not accurately 
gauge their learning abilities. The best method found in the trials was 
to record individual performances over several flights and when these 
became reasonably consistent the pilot was deemed to be ready to start 
the evaluation.
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During development periods in the flight trials, the pilots were
asked to assess various alternatives of symbol format, control laws and 
approach profiles. This sometimes created an artifically high workload, 
particularly when there was an instrumentation task to deal with as well. 
In the CL 84 and Harrier T-2 as many of these tasks as possible were 
assigned to the safety pilot. This was not possible however, in the 
single seat SC 1. Once the various alternatives were narrowed down, the 
pilot flew many approaches which were identical in terms of display format, 
control laws and approach profile. This allowed the pilot to climb an 
uninterrupted learning curve over this period in preparation for the 
evaluation work described above.
In the CL 84 trial the availability of the blind flying screens 
meant that the pilots could evaluate the system under instrument flight 
conditions. During the evaluation phase of the trial each pilot flew 
twelve approaches where the only variables were the blind flying screens 
and the weather conditions. There were three basic screen configurations. 
In each, the front screen was released at 0.3 km; the side screens were 
not used in the first configuration, present but removed at 200 ft in the 
second, and present throughout the approach in the third. To minimise 
the effects of residual learning on the task performance, the screen 
configurations were flown in a random sequence on each flight.
With the screen configurations above, the pilot's forward view 
remained obscured almost to the hover. This was done, not in an attempt to 
develop a full instrument flight capability, but to confirm that at the 
decision height the pilot still had adequate control to overshoot or 
continue to a second decision point at the minimum range for a final 
deceleration to the hover. This procedure could be used if ground 
contact had been made at the decision height, but the forward visibility 
was such that the landing pad was not in view.
Although the flying screens allowed a reasonable simulation of 
instrument flight conditions they could not simulate the transfer from 
instrument to visual flight conditions, since the sudden removal of a 
screen is totally unlike the slow breaking out of cloud in reduced 
forward visibility. In the simulator trials the programmable visibility 
and oloudbase screens were used to allow this important phase of flight 
to be representatively assessed.
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This Section, which to some extent is an extension of the experimental
design, has been included to explain the rationale used in setting down the
results of the present work. It is argued that in order to examine the • 
control and display interaction logically, it is necessary to establish a 
framework where each combination can be examined and compared with others. 
One way of achieving this is in the form of a matrix of possible control
and display combinations. This is shown in Fig 47 where the top left
hand corner represents the simplest system combination and the bottom right, 
the most complex. Fig 47 also shows the extent to which the present work 
has investigated the total matrix. It is believed that this is sufficient 
to draw meaningful conclusions on how the interaction affects the task 
and what the minimum control and display requirements are for the instrument 
approach manoeuvre. Conclusions can also be drawn regarding the increase 
of system complexity to facilitate approaches in lower weather minima, 
where for example the deceleration is conducted on instruments.
All the control and display systems investigations during the present 
work were carried out using the same basio display philosophy. The 
justification for this selection is that this philosophy of presentation 
was capable of providing a range of formats which covered the full 
spectrum of displays from the basic flight display to the full approach 
guidance display. The rationale for adopting this display was given in 
Chapter 5, and Chapter 7 substantiates the choice, describes its 
development and the alternative symbol formats and control laws used in 
the investigations.
Chapter 8 gives the quantitative results obtained from the trials. 
These are split into three main sections comprising track holding 
performance, glideslope performance and speed control. The relationship 
of these results to the control/display matrix is discussed. Chapter 9 
describes the trials subjective results and to what extent these support 
the quantitative data. The quantitative and qualitative results are 
brought together in the final Chapter, whioh gives the overall conclusions 
of the work, highlighting factors felt to be of greatest significance.
6.6 Presentation of results
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CHAPTER 7
DISPLAY FORMAT AND CONTROL LAW DEVELOPMENT
As touched on briefly in previous Chapters, the control and display 
interaction described in this thesis was examined using one unique philosophy 
of display presentation. The background and justification for this procedure 
is given in this Chapter. Additionally, the display format and control law 
variations developed for the work are described in depth.
The difficulties encountered in optimising a pilot-in-the-loop display 
system were discussed in Chapter 5. The problems, apart from those of 
defining the human transfer function, are in great part attributable to 
operator variability. From this, it can be argued that there is no unique 
way of presenting a given piece of information, which will be optimum for all 
pilots. In fact in many situations the range of acceptable formats to 
achieve a given objective may be large. Although it is difficult to draw 
parallels, it is believed that this problem is to some extent reduced with 
a control system design. Here, once the trade-off studies are done and the 
control loop characteristics defined, the system can be optimized by 
analytical techniques. Pilot acceptance testing of a control system will 
always produce a range of preferences, but this is not usually as great as 
it is with a display system.
For the present work, the fact that it was possible to isolate several 
equally acceptable display solutions for the instrument approach manoeuvre 
was not considered to reduce the value and general applicability of the 
results of the interaction studies, where only one philosophy of display 
presentation was used throughout. It was argued that provided a particular 
display philosophy met the information requirements, did not produce dis­
orientation or contain ambiguous readouts, and hence was acceptable to the 
majority of pilots, then it was suitable for use in the approach phase. 
Furthermore, it was argued that provided different forms of the same display 
philosophy could- encompass the full range of complexity from the basic 
situation display to the fully augmented version containing flight directors, 
then it would be a suitable vehicle for examining control and display inter­
action. Moreover, it was believed that the use of a common display philo­
sophy throughout the work would mean that the trials results could be 
related directly to each other. It is accepted that the danger in following 
this procedure is that completely erroneous conclusions could be drawn due
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to some inherent display limitation. It is believed that the possibility 
of this event occurring was avoided by the methodical approach used in its 
development, its exposure to a wide range of pilot expertise and the exten­
sive display design and assessment experience from which it was developed.
As described in Chapter 5, the basic display had a combined vertical 
and horizontal situation format presented in a single display surface.
This contained all the situation information necessary for the approach 
task, and in addition director and/or guidance information could be super­
imposed on the main display to assist the pilot in the control of speed, 
height and heading. By the addition or deletion of particular symbols 
coupled with control law modifications, a range of formats was obtained 
which were used for examining control/display interaction.
The subsequent sections of this Chapter describe the formats devised 
for the work and various forms of control law developed.
7.1 Vertical situation display
One purely practical requirement for the final approach display was 
that it should have a high degree of commonality with existing operational 
formats for reasons of standardisation. Therefore, as one of the objectives 
of the work was to develop an instrument approach capability for the Harrier, 
the vertical situation format of the display was based on the V/STOL approach 
format of the Harrier head-up display described in Chapter 2.
Fig 48 shows the initial format flown in the SC 1. Apart from wave­
form generator limitations which prevented the full reproduction of the 
vertical speed and angle of attack scales and thermometers, the other read­
outs were in the main identical to the operational format. A different form 
of aircraft symbol was used, which was intended to act as a reference for 
both vertical and horizontal displays. The merits of this are discussed 
later.
Fig 49 shows the initial vertical situation format flown in the CL 84 
and Harrier T-2 and also in the flight simulator. Apartfrom the attitude 
and height presentations, which underwent some development, the other read­
outs were again identical to those in the operational format and were not 
modified at all during the work. In the tilt wing CL 84, the left-hand 
angle of attack analogue scale and thermometer were used to present line of
109
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flight acceleration.- This quantity had to be maintained within prescribed 
limits, so the pilot task was similar, albeit less demanding, than holding 
a constant angle of attack in the Harrier.
(a) Attitude presentation
In all three trials aircraft the attitude presentation was based on 
the operational format, being scaled 1:1 in roll and 5:1 down in pitch with 
the outside world (this pitch scaling meant that 5° of aircraft pitch attitude 
was shown as a 1° subtended angle change at the pilots' eyes of the artificial 
horizon against the aircraft symbol). Because the pitch scaling was felt to 
be too insensitive for the approach, the alternative scalings of 2:1 and 1:1 
were assessed in the CL 84 and Harrier T-2 respectively. 10° repeater bars 
were presented with the 2:1 scaling, and 5° bars with the 1:1 scaling. It 
was felt by the pilots that the 2:1 scaling was best for the approach 
situation. The justification for this choice is discussed in Chapter 9.
(b) Digital height
The initial resolution of the digital height presentation was 20 ft 
which was felt to be too coarse to hold height accurately, particularly 
during the low level inbound transition phase of the approach. For the 
guided approaches the resolution was increased to 10 ft, which was felt to 
be more acceptable. Significant problems were encountered however in using 
the digital readouts, because of their lack of trend information. This was 
particularly so in those aircraft with low height damping. To alleviate the 
problem,a counter pointer display was developed, where the normal digital 
readout was supplemented by a pointer which rotated once per 1000 ft and was 
read against a circular scale. This is illustrated in Fig 50.
7.2 Horizontal situation display
The horizontal situation display was presented as a plan position 
display or 'micro-navigation' map. As showi in Fig 51, this was formed by 
a circular landing pad symbol, whose position relative to the aircraft 
symbol showed the relative position of the landing area with respect to the 
aircraft. The landing pad symbol was bisected by an extended dashed line 
termed the 'track-line' which represented the approach centre-line. The 
magnetic heading of this centre-line was preset into the display system from 
the pilots' control panel prior to the approach. In the SC 1 and CL 84 
trials a symbol could be positioned under pilot control on the pad symbol
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circumference to represent wind direction at the landing area. Additionally, 
a digital readout presented to the left of the display above the incidence 
scale, gave range to the landing zone in increments of 0.1 km.
In concept, the information conveyed by this particular display could 
be provided in a more natural way by means of a fully ground stabilised 
runway symbol. This display approach which attempts to reproduce all the 
perspective cues provided by a real world runway, was evaluated by the 
United States Navy during a separate phase of the CL 84 trials. The results 
from this work were reported by Walchli e t  a l in Ref 36. Fig 52 is an 
annotated drawing of this display concept. At the outset of the present 
work this type of display was considered, since it has considerable merit. 
Its application was not fully explored however, due firstly to the complex­
ities in computing and the accuracy requirements of the sensor inputs to 
achieve an acceptable overlay of the display on the actual runway on break­
out from poor visibility. Secondly, it was felt to be difficult to incor­
porate guidance or director information on the situation display without 
causing display clutter. Finally, because of the limited display fields 
of view, this ground stabilised concept could not be used when the drift 
angle exceeded 10°. This last problem was seen to be a significant one, 
as it would prevent approaches in high crosswinds, which operationally may
be essential. With the display concept developed in the trials, although
the landing pad symbol was heading stabilised, it was presented in plan 
position, and therefore could not disappear outside the head-up display 
field of view. This point is illustrated in Fig 53a where the aircraft is 
approaching the landing site with a drift angle of 25°.
This form of display was felt to have additional advantages over other 
forms, because the essential information was presented in a simple and 
easily comprehended way without undue clutter and coning of attention.
(a) Landing pad symbol control laws
The landing pad symbol was computed from range, localiser angle or 
cross track displacement, and aircraft heading relative to the approach 
heading. Thus with zero heading error and the aircraft laterally displaced 
to the right of centre-line, the landing pad symbol would be displaced to 
the left of an imaginary vertical centre-line through the aircraft symbol 
with the track-line parallel to this centre-line, as shown in Fig 53b.
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When the aircraft range to the pad was greater than the deceleration range, 
(which took values between 1.2 and 2 Ion in the various flight and simulator 
trials), the landing pad symbol was limited at the top of the display to 
keep it within the pilots field of view, and showed steering information 
only. As the range decreased below this value, the pad symbol moved down 
the display to overlay the aircraft symbol at zero range. Throughout the 
approach a digital readout positioned above the angle of attack scale gave 
range to the pad in increments of 0.1 km. To clarify the symbols1 relative 
movements. Fig 54 shows how the horizontal situation display would appear 
at different stages of the approach.
The original concept of the plan position display for the military 
application, was that it should be polar in nature. In this form of 
presentation, the angular position of the centre of the landing pad symbol 
relative to the aircraft symbol would be a 1:1 combination of the aircraft 
localiser angle and the aircraft heading error relative, to the approach 
centre-line. These intended relationships are shown in Fig 55. • Pilot 
differentiation between track displacement and aircraft heading error is 
clearly shown by the orientation of the track-line through the landing pad 
symbol. The control laws governing the movement of the symbols on the hori­
zontal situation display, developed during the course of the trials, are 
derived below.
In Fig 55a, the geometry of the aircraft relative to the approach 
centre-line is shown as it might appear at some stage during the approach.
Here in triangle 0TA ’BT :
O’A ’ = R , the aircraft range to the landing pad
A ’B’ = y , the aircraft crosstrack displacement
O’B’ = x , the aircraft along track range
ft is the aircraft heading relative to the approach heading
X is the aircraft bearing relative to the landing pad (localiser
angle) .
Note that also
x = R cos X and y = R sin X . (7-1)
If the actual situation depicted in Fig 55a is transposed in the heading 
stabilised display, we obtain Fig 55b.
Here 0A = ft , the landing pad symbol range limit.
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To position the landing pad symbol, its displacements vertically (AC)
and horizontally (CO) with respect to the display reference axes, have to be
calculated. This is done by an axis transformation using the plan position
information.
Thus in Fig 55b, in triangle AOD angle DAO - i|> - A , and since
AO = this can be resolved by (ij^  - X) to give:
AC = cos - X)K2 Landing pad symbol vertical displacement
and   (7“2)
CO *= R^ sin (\Jj - ^)K2 Landing pad symbol horizontal displacement
  (7-3)
where is the display scaling factor in degrees/metre.
Equations (7-2) and (7-3) were used to position the pad symbol when R > R^ . 
Once R ^ R^ , R was substituted for R^ allowing the pad symbol to track 
down the display in the final stages of the approach. Thus if R ^ R^ ;
Pad symbol vertical position = R cos 0{>e - X) , (7-4)
and
Pad symbol horizontal position = R sin 0|> - X) . • (7-5)
The above form of landing pad symbol drive was devised for the CL84 
trial. Here, although it was found to be easy to use during the join to 
centre-line, it presented unnecessary handling difficulties whilst maintain­
ing track due to the constantly changing linear scaling.
Taking equations (7-2) and (7-3) and substituting =90° gives the 
solution for the pad symbol at one stage during the join to centre-line.
This is illustrated in Fig 54.
Pad symbol vertical position = K^Rr cos (90° - X) = I^R^ sin X
and    (7-6)
Pad symbol horizontal position - K^R^ sin (90° - X) - K^R^ cos X
...... (7-7)
Here, equation (7-6) is proportional to the aircraft cross track displace­
ment during the join, since from equation (7-1); sin X = y/R .
Similarly, substituting i|/ = 0 in equations (7-2) and (7-3) gives
the display solution after the join to centre-line. This was again
illustrated in Fig 54.
Pad symbol vertical position = cos X . (7-8)
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Pad symbol horizontal position => sin Aft . (7-9)
As in equation (7-CO , equation (7-9) is proportional to sin A , 
where sin A = y/R from equation (7-1).
These two examples were given to demonstrate that at any point in 
the approach when R > ft the display representation of cross-track error 
is proportional to y and inversely proportional to R . This was found 
to be an advantage during the join, since at the long and approximately 
constant range at which this manoeuvre was performed, the display sensitivity 
to cross-track errors was low and also approximately constant. This meant 
that the display could accommodate large track errors without limiting and 
so give the pilot adequate phase advance warning of the approach of the 
centre-line. Additionally, because of the low sensitivity at long range, 
the pilot task in following the display was not demanding. However, once 
established on centre-line, when range was reducing at a rate equal to the 
groundspeed of the aircraft* a given linear track error produced an increas­
ing display error as the approach progressed. Although this produced the 
normal funnelling azimuth corridor, where translational errors are slowly 
resolved during the approach, it also gave rise to an increasingly demanding 
task for the pilot. Whilst this was agreed by the pilots to be acceptable 
and maybe even desirable during the early part of the descent, it was not 
felt to be acceptable during the latter stages of the descent or the flare 
to level flight prior to the deceleration.
With this polar form of display, when the range was less than ft , 
equations (7-4) and (7-5) were used to position the pad symbol. Here not 
only was the angular position of the pad correct with respect to the actual 
situation, but also its scaled displacement in plan position. For example, 
if the heading error term ft * 0 , then the pad symbol horizontal position 
is linearly proportional to R sin A , which is equal to cross-track error.
In the SC 1 trials, it was originally felt to be more important to 
provide a constant track sensitivity on the display throughout the approach 
than to maintain 1:1 angular correspondence. For this reason a ’cartesian’ 
form of presentation was developed, which basically used the equations (7-4) 
and (7-5) to position the pad symbol throughout the approach. To prevent 
the symbols disappearing outside the pilots* field of view at long range, 
display limits were placed on the total equations.
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Hence if R >
Pad symbol vertical display position
= |(R cos A cos /  + R sin X sin / ) /  | • (7-10)
b
Pad symbol horizontal display position
= | (R cos X sin /  - R sin X cos / ) /  | (7-11)
where Jl and Jig are the display limits.
Although these control laws gave a constant display sensitivity to 
aircraft azimuth errors, so giving the pilot a constant tracking task 
throughout the approach, they presented some difficulty in use when executing 
the join to centre-line. At long range only relatively small track errors 
could be accommodated before the display limit was reached. This meant that 
there was little warning for the pilot of the approach of the centre-line, 
and this resulted frequently in an overshoot.
The final development was to combine the advantages of both systems 
by producing control laws which gave an increasing display sensitivity to 
linear errors down to some intermediate range. Below this range and down to 
the deceleration range a constant display sensitivity was presented.
Thus if Rp is the intermediate range, and R^ the deceleration 
range then:
If R >
Pad symbol vertical deflection
= |(Rp cos  ^ cos + SYn  ^ SYn } * (7“ 12)
Pad symbol horizontal deflection
{ ^ F  cos X sin i|>e - Rp sin X cos * (7-13)
£2
These control laws would produce funnelling down to Rp .
When R ^  Rj, , R is used instead of Rp in equations (7-12) and 
(7-13). These equations then become the same as in the SC 1 (equations (7-10)
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and (7-11)). When ft the display limits are no longer relevant and
the pad control laws become as in equations (7-4) and (7-5), which are 
common to all the forms of display.
This combined polar/cartesian drive was first developed in the CL 84 
flight and simulator trials where ft was set at 1.2 1cm and ft , 3 km.
The SC 1 trial only -used the cartesian form of display and here ft was
set at 2 1cm.
Another important role for the plan position display was as a 
precision hover indicator. This was explored only in the SC 1 trials, 
where a long vertical descent was made from 450 ft agl. In the approach 
mode of the SC 1 display, the landing pad symbol diameter subtended 0.5° 
at the pilots’ eyes and represented 180 m on the ground. For the descent 
mode (selected by the pilot at approximately zero range when hovering over 
the actual landing pad), th.e pad symbol diameter was increased by a factor 
of five to subtend 2.5° at the pilot eyes, and the plan position sensitivity 
was increased by a factor of fifteen. The increased diameter pad then 
represented 60 m on the ground, and the piloting task was then to maintain 
the aircraft symbol inside this pad throughout the descent to ensure that
the aircraft landed within the designated area on the ground.
7.3 Elevation guidance
Various methods were evaluated for integrating elevation guidance 
information into the display, to assist the pilot in the control of the 
elevation profile.
The first method, developed initially for the SC 1 trials, was the 
vertical speed command arrow driven in the display vertical axis and read 
against the left-hand side of the vertical speed scale, as shown in Fig 56a. 
The pilot controlled vertical speed by ’flying’ the arrow of the vertical 
speed thermometer to the command arrow. In Fig 56a the position of the 
command arrow indicates that the aircraft is too high and requires a rate 
of descent to null the height error.
The command arrow could be used in a constant height or descent mode 
selectable by the pilot from a switch on the pilots’ control panel. The 
descent rate for the nominal glideslope, previously present by the pilot, 
was selected at the appropriate range for descent and appeared as a downward 
shift of the command arrow to the correct index on the vertical speed scale.
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The pilot then increased the aircraft descent rate until the
commanded and achieved vertical speed were the same. A flare law control­
ling the demand progressively reduced it to zero as the pre-set hover 
height was approached. Any subsequent aircraft deviations from the hover 
height resulted in a correcting demand from the command symbol.
Thus the control laws for positioning the command arrow were as 
follows:
(i) Constant height command
If h is aircraft height
hp is demanded aircraft height
«hp is commanded vertical speed then,
commanded vertical speed = Kg(h^ - h) . (7-14)
Kg is the constant of proportionality which is equal to the reciprocal of 
the time constant of the recovery. Kg was set to a nominal value of 0.1 
to give a time constant of 10 seconds.
(ii) Descent command
0If h is aircraft vertical speed.
Then for the initial phase of the descent
•commanded vertical speed /  = 1/ . (7-15)
/  is the descent rate selected by the pilot.
For the flare, if hTT is the hover height above groundrl
commanded vertical speed /  = Kg(h - h^) . (7-16)
This gives an exponential reduction to zero in vertical speed at the
hover height. The value of aircraft height, h , at which the equation 
(7-16) was introduced, was defined as the flare height, h^ . This was
calculated from a knowledge of K^ , the initial descent rate.
Hence if
K4 = K3^ h0 ~ hH^
then „
4 ■
When used in the descent mode,1 the initiation'of the glideslope 
depended on pilot action and the commanded vertical speed;did. not alter 
once selected until the hover height was approached. The glideslope thus 
produced was airmass related. This caused no problems in the SC 1, 
because most of the approach was carried out at constant height, includ­
ing the deceleration to the hover over the pad. A long1, vertical descent 
was carried out during which deviations from the preplanned vertical 
speed did not affect the overall task. This was not true in the CL 84 
and subsequent trials however, where a definite glideslope was required. 
The use of rhe command arrow in these trials created considerable handling 
difficulties during approaches in strong tail winds,.-.when the descent was 
still being followed at the start of the deceleration. For this, reason a 
ground related glideslope was introduced. Additionally, the peripheral 
position of the vertical speed command arrow made it undemanding and this 
meant that initial errors could be missed in the pilot’s scan. So to 
improve the dominance of the elevation guidance, glideslope error was 
presented on a pair of brackets referenced to the aircraft symbol. These, 
as shown in Fig 56b, were free to move in the display vertical axis to 
indicate aircraft deviations from the required elevation profile. To 
achieve the correct profile the pilot flew the aircraft symbol to the 
centre of the brackets. Thus Fig 56b shows a descent command on the 
brackets.
The required aircraft height at a particular range was computed 
within the display system from ground range (R). The difference between 
the required height and actual height was then used as an error signal to 
drive the glideslope brackets relative to the aircraft symbol.
Thus if e is the glideslope error; h is aircraft height.
Rq is the range at which the flare to level flight is completed
h is the datum height at which the approach is completed (hover
height).
ft is the range scaling factor to give the required demanded height
ft is the display scaling factor for the glideslope error.
Using range discriminators, the value of ft was progressively 
reduced as the flare was entered. At the end of the flare ft is set to 
zero and therefore:
£ (7-18)
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E ■ (hH " h)K6 (7-10)
This provides the command to maintain level flight through to the
hover.
The sensitivity of the glideslope brackets was made constant through­
out the approach in most of the trials, their vertical dimension represent- 
ting ±40 ft in the CL 84 programme. Higher sensitivities of up to ±10 ft 
were subsequently investigated in the simulator. In addition in the 
Harrier T Mk 2 work, was modulated as a reciprocal function of the
range to flare, to give a constant angular glideslope error on the brackets. 
This gave an increasing linear sensitivity with reducing range, which reached 
a maximum value at the flare. This maximum value was then maintained through­
out the deceleration. This technique is similar to the one used in the plan 
position display to produce a mixed polar/cartesian drive to the landing pad 
symbol. The merits of doing this are discussed in Chapter 9.
To give additional height guidance, the diameter of the landing pad 
symbol was increased linearly with reducing height below 1000 ft, reaching 
a maximum diameter at zero height. This feature was not used in the SC 1 
during the final vertical descent where a fixed diameter pad symbol was 
used as described in the previous section. As discussed in Chapter 9, the 
pilots were unsure of the value of this particular feature, and it had no 
discernible effect on performance. In the final simulator trials, a pad 
symbol with a fixed diameter was used.
7.4 Azimuth guidance
The final important symbol in the total display format was the 'guid­
ance vector’. This formed part of the plan position display and had the 
dual function of assisting the pilot in the deceleration and track holding 
tasks. It consisted of a line originating from the aircraft symbol 
terminated in an arrow head. The length of the vector was a function of 
groundspeed, and its rotation relative to the centre of the landing pad 
symbol a function of track displacement. Thus if the vector arrow head 
was short of the landing pad symbol, the pilot increased aircraft speed,
if it was to the left, the pilot turned the aircraft to the right. This
particular example is shown in Fig 57a.
In the majority of the trials, the length of the guidance vector
was a direct function of the groundspeed component parallel to the approach
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centre-line. So with the aircraft on track and beyond the deceleration 
range, the display demanded a constant groundspeed since the displace­
ment of the landing pad symbol from the aircraft symbol remained constant, 
demanding a constant length guidance vector. This stage of the approach 
is illustrated in Fig 57b, where the pilot needed to reduce speed to 
satisfy the demand. As range decreased below ft the pad symbol came 
off limit and moved down the display. The pilot then had to reduce speed 
to reduce the length of the vector guidance and so keep its aiming mark 
within the landing pad symbol. The impending start of the deceleration 
was signalled to the pilot by the landing pad symbol, track line, and 
guidance vector flashing off and on several times.
Two groundspeed profiles were flown during the trials, and these 
are illustrated in Fig 58. In the first one evaluated, the guidance 
vector length, ft was proportional to the aircraft groundspeed component 
along track x :
Hence
r = K x (7-20)v 7 '
where ft is the display scaling factor.
Using this law during the decelerating transition, produced an 
exponential deceleration since the demanded groundspeed was proportional 
to the remaining range.
In the alternative law, the length of the guidance vector was 
proportional to the square of x
Here
rv - V 2 r-2l)
where Kg is the display scaling factor.
This law produced a constant deceleration during the transition, and 
was intended to be more nearly matched to the normal deceleration charac­
teristics of the aircraft.
In the SC 1, the rotation of the guidance vector was governed by the 
following equation:
+ <*> . (7-22)Vector rotation, ip.v + o j
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Here ifi is the angular displacement of the guidance vector from the 
V  landing pad symbol
y is the aircraft cross-track displacement
<j) is the aircraft bank angle
Kq is the display scaling constant
t is a time constant (nominally 10 seconds)
£ prevented the pilot exceeding 20° of bank when nulling the
s is the Laplace transform operator, and
 
vector.
A very similar law was used in the CL 84, viz:
v ^ K 10*(V  + 1) + <j> . (7-23)£0
Here R is the aircraft range
is the deceleration range
X is the aircraft bearing from the landing zone
Kjq is the display scaling constant.
Other terms are as above, in equation (7-22).
The shaping of the bearing angle with range was used to give a 
constant azimuth sensitivity resulting in a parallel azimuth corridor.
This feature was only used below 3 km range. Above this range a function of
bearing angle alone was used which produced a funnelling azimuth corridor
from the join to centre-line. This shaping is the same as that applied to 
the landing symbol drive described in section 7.2.
In the final stages of the CL 84 trials, the guidance vector, instead 
of being used as a speed and track director, was driven as a function of 
along-track and cross-track velocities transmitted from the ground guidance 
system. These signals were resolved by aircraft heading on the display, 
so that the pilot had a true representation of the aircraft velocity vector 
in plan form. Although the vector could be flown to the pad symbol to
control speed and track as before, the pilot had the benefit of additional
plan position information, which was felt to have some advantages. These 
are discussed in Chapter 9.
It was felt by some pilots that if the plan position display was 
optimised, so that adequate track control could be achieved, then the 
guidance vector was unnecessary. At best it would increase display clutter
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and at worse it may increase pilot workload without justification. To 
test this theory, the guidance vector was omitted from the final simulator 
trial, where different forms of landing pad symbol control laws were 
compared. The results of this work are described in the next Chapter.
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ANALYSIS AMD DISCUSSION OF QUANTITATIVE RESULTS
CHAPTER 8
This Chapter presents the quantitative data obtained from the 
simulator and flight trials, and examines the interaction between the 
flight control system and the electronic display presentation, during 
the particular tasks of track holding, height and speed following. To 
facilitate meaningful comparison between sets of results, they are 
presented statistically as described in Chapter 6,
To obtain the performance envelopes for each task required several 
stages of analysis. Initially, individual pilot performance graphs were 
plotted. During the simulator trials, these were produced as the approach 
progressed by automatic graph plotters commonly driven from range, and 
separately driven from groundspeed height and crosstrack error.
In the flight trials this initial process was more complicated, 
the airborne magnetic tape recordings having to undergo several processes 
before individual performances could be obtained. In the first process, 
the data was converted from the original recorded form, (Pulse Code 
Modulation in the CL 84 for example) to binary coded form and secondly to 
meaningful engineering values using the conversion factors and scaling 
functions. Finally, computer graph plotting routines were used to obtain 
each performance graph.
Individual performances were then grouped together under common 
conditions of control and display system, and if required under similar 
conditions of wind and weather. The individual quantities (eg crosstrack 
error) were then tabulated at common range increments throughout the 
approach. A maximum likelihood estimate of the distribution of which these 
data points were a part was calculated. This gave the estimated mean and 
standard deviation of the performance distribution at a particular range.
The 99$ performance boundaries were then calculated using the Student 
or ’t 1 distribution. This was used instead of the normal distribution, 
because of the small number of data points, which was less than thirty 
in every case. By calculating the 99$ performance boundaries at selected 
range points throughout the approach a total performance envelope was 
produced. To ensure that this envelope truly reflected the combination of 
the individual graphs, the range points were selected nominally at 1 km
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spacing at long range, reducing to 0.5 km spacing at close range. 
Additionally, for graphs exhibiting cyclic oscillations, the boundaries 
were calculated at the maximum and minimum of these oscillations.
The final statistical envelopes plotted from these results gave an 
indication of the performance dispersions during the approaches, and in 
many cases clearly show certain trends as will be seen in subsequent 
sections. To enable the reader to gauge the relative significance of each 
combined plot , the number of data points on which it is based is stated 
on the plot. Although this statistical analysis can be potentially 
misleading, because of the errors in the estimated distributions, it was 
felt to offer significant advantages over other simpler data presentation 
techniques, where for example individual performance curves are superimposed 
on each other. With this technique, it is sometimes difficult to gauge 
the performance dispersion and establish even gross trends in the data.
Although many of the approaches in the trials were flown under good 
visibility for training and safety requirements, the performance envelopes 
presented were based on approaches which were flown under simulated 
instrument conditions in the aircraft or flight simulator. The exception 
to this is the results from the SC 1 flight trial which were, from necessity, 
all flown in visual conditions, because the' SC 1 was a single seat aircraft.
For the purposes of presentation and comprehension, the quantitative 
results from the trials are discussed sequentially in four sections.
Within each section the main control tasks are dealt with in order of 
relative importance. At the end of the chapter the results of the 
individual trials are brought together, where the aspects of control and 
display interaction highlighted by each one are discussed.
The results are mainly derived from the flight trials conducted in 
the CL 84 and SC 1 aircraft, and two of the simulator trials. For 
identification purposes the simulator trials are designated A and B.
Trial A investigated some of the broader controls and display interaction 
aspects, whilst trial B sought to establish more subtle trade-off principles 
between display control laws, and different forms of flight control systems. 
Additional simulator work was carried out, but it was limited and 
preliminary to the trials reported here. Since most of the aspects 
investigated in these trials were re-examined in greater depth in 
subsequent trials, it was felt that to include these quantitative results
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would simpiy increase the volume of data without improving the scope or 
depth of the results.
8.1 Flight simulator trial ’A ’
In simulator trial ’A ’ various forms of flight control system were 
evaluated using a fixed form of approach display which contained both 
situation and guidance information. The implementation of the flight 
control system corresponded essentially to a full authority manoeuvre 
demand system with different modes available, of the form described in 
Chapter 4> section 4*4* E°r all the flights conducted with the flight 
control system engaged, the yaw channel was augmented by rate damping 
plus artificial directional stability using lateral acceleration as the 
main input. The .flight control system combinations investigated consisted 
of rate stabilisation in the pitch and roll axes, attitude stabilisation 
in pitch with rate stabilisation in roll, and attitude stabilisation in 
both pitch and roll. In the other configuration, the flight control 
system was disengaged, and the pilot’s attempted instrument approaches 
relying on the aircraft’s inherent handling qualities. These four 
configurations were flown by each pilot under both visual and instrument 
conditions, making a total of eight runs. To average residual learning 
effects, a latin square run order was used with eight subjects flying the
eight runs under one particular wind condition. This was repeated for
two other wind conditions, giving a total maximum of 24 different runs.
(The achieved number for analysis was slightly less than this because of 
non-availability of pilots and equipment faults, etc.)
In the display format used for this trial, the control law drive to 
the plan position display was polar, as described in Chapter 7 eqns 7-2 
to 7-5 inclusive, and designed to provide a constantly increasing track 
sensitivity from 6 km range, where the pad symbol lateral scaling was
600 m/°, down to the deceleration range of 1.35 km, where the scaling
became 150 m/°.
The approaches commenced at 8 km and 1000 ft agl, at a nominal 
approach speed of 120 km. The descent was followed from 6 1cm (at 850ft/min 
descent rate in still air), the aircraft heing flared to level flight at 
200 ft agl from 2.5 km range. Glideslope brackets were used-to control 
the elevation profile, their vertical dimension representing +20 ft 
throughout the approach.
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The guidance vector was only used in the final stages of the approach 
from 2.6 km range. Its appearance warned the pilot of the flare, and this 
was subsequently emphasised by the vector and pad being flashed on and off 
on the display at the flare range of 2.5 km. The control law driving the 
guidance vector rotation took the form described in Chapter 7 eqns 7-22> 
being composed of crosstrack error, crosstrack rate and hank angle as a 
quickening term. The control law governing the vector length produced a 
constant deceleration when followed correctly, the initial part being 
followed on instruments from 1.35 km down to 800 m range where the 
visibility increased in the simulated weather conditions.
(a) Glideslope performance
Fig 59» 60 and 61 show the analysis of glideslope performance under 
a variety of wind conditions. The evident feature on comparing these 
plots is that the performance improves as the stabilisation increases.
The greatest improvement is from Fig 59 To Fig 60, where attitude 
stabilisation was used in pitch instead of rate. In all the plots, the 
mean of the distribution follows the demanded profile closely down to the 
flare. During the instrument transition, the means falls below the 
demanded profile and the performance deteriorates markedly.
Examination of the plots in more detail, shows that the 99$ boundaries 
in Fig 59) exhibit an average width during the descent of 260 ft, which is 
consistently maintained. A large increase in dispersion is apparent during 
the transition manoeuvre, where the pilot had to contend with initiating 
the deceleration, whilst attempting to maintain level flight and holding 
track. Despite the high authority rate stabilisation, the performance is 
poor and would not he acceptable operationally. With this feedback system) 
albeit high authority, control of the aircraft in pitch may not he easy, 
and it would still be possible for a 'runaway’ to occur. The reason for 
this is twofold, first of all the aircraft exhibits a positive static 
margin (ie an angle of attack instability) and secondly the elevator and 
reaction control effectiveness is limited due to the low approach speed.
137
10
00
Fig 59
£■V.C,
Cs-^
-4—
(V l
n r  v
138
Fig
 
59 
G
lid
es
lo
pe
 
pe
rfo
rm
an
ce
 
in 
si
m
ul
at
or
 
tr
ia
l 
A 
wi
th
 
ra
te
 
st
ab
ili
sa
tio
n 
in 
pi
tc
h 
an
d 
ro
ll
Limited control effectiveness could be offset to some extent by- 
proper use of throttle and nozzle. The suggested approach technique 
in the simulator trial was to use a fixed nozzle setting during the descent, 
fore/aft stick and throttle being used to control angle of attack and 
descent rate. For the deceleration, it was suggested that the stick was 
simply used to control attitude, and the nozzle to control speed, the 
throttle being increased as the speed decreased to control sink rate and 
angle of attack.
In addition to the general stability problems, it was the requirement 
to alter nozzle and throttle together with the stick to oppose trim changes, 
which caused the increase in workload during this phase and the consequent 
deterioration in performance.
Turning now to Fig 60, this exhibits a significant improvement in 
glideslope control. During the descent the width of the performance 
boundaries decrease from 240 ft at the start of the descent, down to 
150 ft towards the flare. The full authority attitude stabilisation in 
pitch available during these approaches, is believed to be the reason for 
this performance improvement. This view was supported by the pilots who 
found their workload much reduced. Apart from having a greater immunity 
to random disturbances this system provided an artificial static margin 
and hence angle of attack stability.
An improvement in performance is less evident during the flare and 
deceleration. The poor performance here is seen more as a problem of 
coordination of the various tasks rather than any problem of stability.
The coordination of throttle and stick to flare the aircraft, immediately 
followed by the coordination of throttle, nozzle and stick to decelerate 
was sufficient to cause a continuously increasing workload and hence an 
inevitable deterioration in performance. In comparison during the control 
of the descent, the pilot had an opportunity to refine errors and could 
therefore, achieve what was essentially a steady state condition, apart 
from gust effects.
The above observations are borne out by Fig 61 which shows the 
glideslope performance achieved with the control system, which gave 
attitude stabilisation in both pitch and roll axes. Although the addition 
of the positional feedback in roll, would not affect the pitch axis response
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Fig 60
Iin any way, it is interesting to note that the glideslope performance 
shows a marked improvement compared with Fig 60. During the descent the 
99$ boundaries converge from 180 ft at the top of the glideslope, down 
to 100 ft prior to the flare. Additionally, the performance deterioration 
during the flare and deceleration is not as great as in the previous plots.
The reasons for these improvements in performance become more apparent 
after the track holding performance data are examined, but basically the 
pilot assigned priorities to the tasks, glideslope maintenance being the 
most important. If another lesser task become easier, the effort saved 
from this task was transferred to the more difficult one. This assigning 
of priorities comes out more forcibly in the flight trials, where the glide­
slope control had an even higher priority, particularly at low level.
Here the pilot was naturally more concerned about the possibility of 
crashing than about being off track.
Although the 99$ boundaries during the deceleration are narrower than 
in the earlier plots, the performance in this phase of flight is only 
marginally acceptable. As touched on earlier, one of the problems with 
the deceleration was the coordination of throttle and nozzle. If the 
nozzle angle was simply increased, without the correct power reduction 
being made, then the aircraft ballooned to some extent. Conversely, if 
too large a power reduction was made then the aircraft sank below the 
demanded profile rapidly, the recovery not always being achieved. Because 
the pilot’s hand had to be taken off the throttle control to move the 
nozzle control, the correct coordination of these was not fully mastered 
by some pilots. From interpretation of the individual pilot’s reports 
and questionnaires, it is apparent that there are many reasons for this 
problem.
The first problem was the limitations of the flight simulator, the 
greatest deficiency, for the deceleration at least, being the lack of 
motion cues. Without motion, the pilots had to rely on visual stimuli to 
realise that there was a change in vertical velocity. With an adequate 
motion platform the initial acceleration would be detected vestibularly, 
giving the pilot some phase advance information.
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The Second fa c to r , which should he borne in  mind, is  th a t only 5$ 
o f the p ilo ts  p a r t ic ip a t in g  in  the sim ula tor t r i a ls  had y e t V/STOL 
experience, although some 40$ had h e lico p te r experience. The decelera tion 
was the area where th is  t ra in in g  de fic iency  was most apparent. (This 
s itu a tio n  could not be avoided, because the population o f p i lo ts  w ith  je t  
V/STOL experience is  s t i l l  a small percentage o f the general p i lo t  
p o p u la tio n .)
These two fac to rs  o f inexperienced subject p i lo ts ,  coupled w ith  
d e fic ie n t cues are probably the main cause o f the poor height performance 
during the dece le ra tion , as w i l l  he seen when the f l ig h t  t r i a ls  re s u lts  
are examined. The po in t must he made however, tha t the necessity to  
operate th ro t t le  and nozzle almost simultaneously during th is  manoeuvre 
is  fa r  from idea l from an operator view poin t. A lte rn a tive  methods fo r  
c o n tro llin g  the th ru s t vector angle by d ire c t operation from a sw itch 
mounted on the th ro t t le  or s t ic k  were ava ilab le  in  two o f the f l ig h t  te s t 
a ir c r a f t .  The re s u lts  from the use o f these systems are d ire c t ly  applicab le  
to  th is  problem.
Before moving on to  the tra ck  ho ld ing performance, i t  should he 
mentioned th a t although fou r d if fe re n t types o f runs were flown in  th is  
current t r i a l  under instrument cond itions, the re s u lts  from only three o f 
them are presented. This is  due to  the fa c t tha t very few o f runs flown 
w ithout s ta b ilis a t io n  were completed w ithout crashing, most o f the crashes 
occurring  at the f la re  or subsequently during the dece le ra tion . Although 
the l im ita t io n s  o f the sim ula tor must he taken in to  account, th is  re s u lt 
is  seen as being very in te re s t in g  in  i t s e l f  since i t  h ig h lig h ts  the 
d i f f i c u l t y  o f the instrument approach.
(b) Track ho ld ing  performance
Figs 62, 63 and 64 show the tra ck  hold ing performance, and as in  the 
height ho ld ing graphs, the consistency o f performance increases to  some 
extent as the s ta b il is a t io n  o f the simulated a ir c ra f t  improves. This 
improvement is  apparent in  the way the graphs increas ing ly  re f le c t  the 
po la r con tro l law d rive  to  the land ing pad symbol as the s ta b il is a t io n  
increases. In  each case the mean o f the performance curve fo llow s the 
demanded p ro f i le  w e ll.
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Examining the graphs in  more d e ta il ,  P ig  62 e xh ib its  some 
convergence in  the performance boundaries from +450 m at long range, 
down to  +350 m at c loser ranges w ith  some fu rth e r re f in in g  in  the f in a l  
s tages 'o f the approach. O ve ra ll, th is  approach envelope has a somewhat 
random shape which does not re f le c t  the form o f con tro l law d rive  to  the 
landing pad. Prom Chapter 7 i t  w i l l  be remembered th a t the po la r d rive  
demands a low p i lo t  workload at long range because o f i t s  low s e n s it iv ity ,  
task d i f f i c u l t y  p rogress ive ly  increasing  w ith  decreasing range. This present 
performance envelope shows th a t as the task d i f f i c u l t y  became grea te r, 
the p i lo t  d id  not respond because o f the other more important tasks which 
demanded most o f h is  a tte n tio n .
Turning now to  P ig 63 j here the only change to  the te s t conditions 
was th a t a tt itu d e  s ta b il is a t io n  was present in  p itc h  instead o f ra te .
As in  P ig  62, the general shape o f the envelope hard ly  re f le c ts  the actual 
demands, except th a t from 3*5 km the boundaries converge in  a way which 
more c lose ly  re f le c ts  the p o la r d rive . In  the f in a l  stages o f the approach, 
the guidance vector was presented, and i t  is  believed th a t w ith  the s lig h t 
reduction in  the task d i f f i c u l t y  in  the p itc h  ax is , the p i lo t  was able to  
respond more to  the d isp la y  demands in  azimuth.
R eferring f in a l ly  to  P ig  64 , where a tt itu d e  s ta b il is a t io n  was added 
to  the r o l l  axes, th is  p lo t qu ite  accurate ly re f le c ts  the con tro l law 
d rive  to  the landing pad symbol. The p lo t has approximately p a ra lle l 
boundaries down to  6 km, these then converge from th is  range continuously 
down to  and beyond the dece le ra tion . The gradient o f the convergence, 
p a r t ic u la r ly  in  the f in a l  stages o f the approach from 3 km down to  0.5 km, 
approximates w e ll to  the actual increase in  la te ra l s e n s it iv i ty  on the pad 
symbol. In  summary, the wide and somewhat indeterm inate boundaries o f 
F ig s ’ 62 and 63 are due to  the re lega tio n  o f track  ho ld ing to  a secondary 
task, compared w ith  the other more important a c t iv it ie s  o f p itc h  and r o l l  
con tro l and height ho ld ing . In  the f in a l  stages, when a tt itu d e  s ta b il is a t io n  
was present in  both p itc h  and r o l l  axes, the task became th a t much easier, 
and consequentia lly the p i lo t  was able to  spare s u ff ic ie n t time to  s a t is fy  
the plan p o s itio n  demands.
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Figs. 65-67 in c lu s ive  show the groundspeed performance during the 
t r i a l .  In  each p lo t the mean is  below the demanded p r o f i le .  This was 
due to  the p i lo t  s e ttin g  a nominal 120 kn airspeed at the s ta r t o f the 
g lides lope , and then accepting the groundspeed which th is  produced. Since 
most te s t wind conditions included a head wind component, the f in a l  ground­
speed was below 120 kn.
In  each p lo t ,  and p a r t ic u la r ly  so in  Figs 65 and 67, the mean and 
performance boundaries show a decrease in  speed as the a ir c ra f t  f la re s  
from 2.5 km. This is  then corrected p r io r  to  the dece le ra tion  showing 
the e ffe c t o f the guidance vec to r. In  each case, although the mean o f 
each p lo t is  below the demanded p ro f i le ,  i t  fo llow s  the demand q u ite  w e ll 
as the dece le ra tion  proceeds.
The other main fea ture  common to  the p lo ts , is  the -.de te rio ra tion  in  
speed ho ld ing  during the f la re  and subsequent dece le ra tion , as exem plified 
by the spread o f the performance boundaries. This is  a ttib u te d  to  the 
d i f f i c u l t  con tro l coord ination task o f s t ic k , th ro t t le  and nozzle already 
described under the g lides lope  performance section .
On comparing the in d iv id u a l p lo ts , i t  is  d i f f i c u l t  to  detect 
s ig n if ic a n t improvements from one to  the other, suggesting th a t the 
improvements in  inner loop co n tro l in  p itc h  and r o l l  made p rogressive ly 
from Figs 65 to  67 d id  not ass is t the p i lo t  in  th is  task. In  fa c t th is  is  
not be lieved to  he the reason, instead i t  is  be lieved th a t the accurate 
fo llo w in g  o f speed was not f e l t  to  be important by the p i lo ts ,  compared 
w ith  the con tro l o f he igh t. This view is  supported by the p i l o t ’ s 
sub jective  comments discussed in  Chapter 9« Thus, although the general 
task d i f f i c u l t y  lessened as the f l ig h t  con tro l system was improved, 
l i t t l e  o f the p i l o t ’ s spare e f fo r t  was channelled in to  t ig h te r  co n tro l 
o f speed.
Since speed and height can he co n tro lle d  almost independently in  a 
V/STOL a ir c ra f t ,  there was no requirement in  th is  s itu a tio n  to  m aintain 
the speed w ith in  close to lerances in  order to  a ss is t in  the co n tro l o f 
he igh t, as there would he in  a conventional a ir c r a f t .  The p i lo t  the re fo re  
made height con tro l the prime task, knowing th a t i f  the speed p ro f i le  were 
fo llow ed approximately, res id ua l e rro rs  could be removed in  the f in a l  
stages o f the approach. I t  has already been shown th a t the height
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performance in  the f in a l  stages o f the approach was not re a lly  acceptable, 
despite the improvements in  s ta b il is a t io n .  W hilst bearing in  mind the 
l im ita t io n s  o f the t r i a l ,  the re s u lts  do suggest th a t a d d itio n a l automatic 
co n tro l, or b e tte r d isp lay  formats and con tro l laws are required fo r  the 
tra n s it io n  manoeuvre at low le v e l.  This important aspect is  discussed 
fu r th e r  in  subsequent sections.
•8.2 F lig h t s im ulator t r i a l  TBT
In  th is  s im ulator t r i a l ,  two forms o f f l ig h t  con tro l systems were 
evaluated w ith  two forms o f d isp lay  con tro l laws. The implementation o f 
the f l ig h t  con tro l system in  the simulated model, corresponded to  e ith e r 
a l im ite d  a u th o rity  s ta b i l i t y  augmentation system or a l im ite d  a u th o rity  
a tt itu d e  s ta b ilis a t io n  system in  the p itc h  and r o l l  axes, as described 
in  Chapter 4? sections 4*1 arid- 4*2 resp ec tive ly . As in  sim ulator t r i a l  
'A *, the yaw channel was augmented by ra te  damping and s id e s lip  suppression, 
except th a t i t  was o f l im ite d  a u th o rity  in  th is  case.
W ith in  the d isp lay  computing, a lte rn a tiv e  con tro l laws were evaluated 
fo r  d r iv in g  the plan p o s itio n  d isp lay . These gave e ith e r a po la r or 
cartes ian  form o f presenta tion as described in  Chapter 7* T n  the po la r 
p resenta tion, the landing pad symbol la te ra l s e n s it iv ity  was 2 km/° o f 
subtended angle on the head-up d isp lay  at a range o f 6 km. This s e n s it iv i ty  
increased to  a maximum o f 450 m/° at the decelera tion  range o f 1.35 km.
Note th a t th is  maximum s e n s it iv i ty  is  a fa c to r o f three less than in  
s im ulator t r i a l  ’Af . In  the cartes ian  d isp lay , the azimuth s e n s it iv ity  
remained constant at 450 m/° throughout the approach.
With two forms o f f l ig h t  con tro l system and two forms o f d isp lay  d rive , 
fou r d if fe re n t combinations could be formed. These combinations were 
flown both under good and poor v i s ib i l i t y  cond itions. (Note tha t the 
poor v i s ib i l i t y  simulated, corresponded to  200 f t  cloudbase and 800 m 
v i s ib i l i t y . )  This gave a to ta l  o f 8 runs, which were flown in  a la t in  
square run order w ith  8 subjects. D iffe re n t wind conditions were again 
simulated to  represent ty p ic a l approach cond itions.
Apart from in v e s tig a tin g  the con tro l law in te ra c tiv e  e ffe c ts , th is  
t r i a l  also sought to  inves tig a te  the minimum leve ls  o f d isp lay  symbols 
and computing required to  achieve the f u l l  instrument approach. One area 
where th is  was investiga ted  was in  g lideslope co n tro l. Approaches were
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flown from 10 km range at 1500 f t  ag l, the descent being commenced at 
9 km at a nominal descent ra te  o f 850 ft /m in . The g lideslope brackets, 
whose v e r t ic a l dimension represented +20 f t  as before, gave e levation  
guidance which brought the a ir c ra f t  to  ground le ve l at zero range, when 
fo llow ed c o rre c tly . Instead o f doing th is ,  the p i lo t  was b rie fe d  to  f la re  
the a ir c ra f t  w ithout guidance to  200 f t  ag l. To warn the p i lo t  o f the 
approach o f the b re ak -o ff he igh t, the g lideslope brackets were flashed 
on and o f f  from 260 f t  agl down to  200 f t  ag l.
To fu r th e r  reduce the guidance, d isp lay  computing and symbol c lu t te r ,
the guidance vecto r was om itted. The landing pad symbol alone was used 
throughout the approach fo r  azimuth s tee ring , and the movement down the 
d isp la y  from 1.35 km range was used as a decelera tion cue. F in a lly , to  
exclude a l l  height in fo rm ation  from the plan p o s itio n  d isp lay , the landing 
pad symbol diameter was constant throughout the approach, ra th e r than 
increas ing  in  diameter w ith  reducing he igh t. The m erits  and disadvantages 
o f the reduced guidance are discussed in  the subsequent sections.
(a) Glideslope performance
Figs 68-71 in c lu s ive  show the g lideslope performance achieved- in . 
th is  t r i a l .  On examining these p lo ts , the main feature which is  d if fe re n t 
to  the e a r lie r  ones discussed, is  th a t the f la re  was not fo llow ed u n t i l
100 f t  ag l, when the a ir c ra f t  was at a range o f less than 1 km to  the
landing area. As described above, no f la re  guidance was given in  th is  
t r i a l ,  the p i lo t  being required  to  le v e l o f f  manually a t 200 f t ,  w h ils t 
the g lideslope brackets continued to  give descent guidance, by tra ck in g  
down the d isp lay  w ith  reducing range. Although the brackets were flashed 
to  warn o f the approach o f the f la re ,  th is  was not a s u ff ic ie n t cue, and 
is  an in te re s tin g  example o f p ilo t /d is p la y  in te ra c tio n  a ffe c t in g  d isp lay  
design. The g lideslope brackets were designed o r ig in a lly  to  he e a s ily  
read, completely unambiguous and compulsive in  nature. During the descent, 
the p i lo t  lea rn t to re fe r  to  them and take immediate action  i f  an e rro r 
developed. In  th is  present example, the p i lo t  was expected to  fo llo w  the 
brackets u n t i l  they flashed and then cease to  fo llo w  them. This c le a r ly  
was not possib le since the p i lo t  had become conditioned to  th e ir  use and 
continued, probably unconsciously, to  fo llo w  them fo r  some time before 
f la r in g .  Based on these re s u lts , i t  is  now believed th a t e ith e r the
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brackets should give f la re  guidance, or they should be switched o f f  
below 200 f t  a fte r  f la s h in g  from 260 f t .  By th is  technique, the p i lo t  
would be forced to  make more use o f the a lt itu d e  readout, the compulsive 
symbol having "been removed. The p i lo t  view, taken up in  Chapter 9» was 
th a t f la re  guidance should be given i f  th is  phase o f f l i g h t  was to  be 
flown under instrument cond itions.
Each graph e xh ib its  a d e te r io ra tio n  in  performance during the f la re  
and subsequent dece le ra tion . The con tro l in te ra c tio n  problems present 
during these manoeuvres were discussed f u l ly  in  the preceding section.
A fu r th e r  po in t th a t can be made, however, is  th a t although only a low 
a u th o rity  a u to s ta b ilis e r  was present in  these t r ia ls ,  the comparative 
d e te r io ra tio n  in  performance is  no worse than in  sim ula tor t r i a l  ’A ',  in  
the f in a l  stages o f the approach. This re in fo rces  the suggestion th a t 
a d d itio n a l con tro l or d isp lay  augmentation was requ ired  to  give acceptable 
performance in  th is  phase o f f l i g h t .
Turning now to  the in d iv id u a l graphs, P ig 68 shows the approaches 
flown w ith  the low a u th o rity  ra te  s ta b ilis a t io n  system, and the po la r 
plan p o s itio n  d isp lay . This e xh ib its  wide performance boundaries which 
converge from 750 f t  at the top o f the g lideslope down to  330 f t  at the 
bottom. P ig 69 shows the performance w ith  an a tt itu d e  s ta b il is e r  and a 
po la r d isp lay , and th is  e x h ib its  a s ig n if ic a n t improvement. In  th is  p lo t 
the boundaries converge from 375 f t  at the top o f the descent down to
125 f t  near1 the f la re .  This re s u lt is  s im ila r to  th a t obtained in
sim ulator t r i a l  ’A ’ fo r  s im ila r  conditions except th a t the performance
improvement here is  not qu ite  as good, due, i t  is  be lieved, to  the low
a u th o rity  con tro l system.
Pigs 70 and 71 show the g lides lope performance fo r  approaches w ith  
ra te  and a tt itu d e  con tro l systems re spec tive ly , w ith  a cartesian plan 
p o s itio n  d isp lay common to  both. On comparing these two graphs w ith  
Pigs 68 and 69 i t  is  in te re s t in g  to  note the d if fe re n t re s u lts  obtained, 
due p r im a r ily  to  the d if fe re n t azimuth con tro l task . Although P ig 71 
shows an improvement in  performance compared w ith  P ig  70, i t  is  not 
as marked as the improvement from P ig  68 to  F ig  69 . From the sub jective  
re s u lts  i t  is  apparent th a t th is  is  due to  the fa c t th a t the azimuth con tro l 
task was found to  be much easier w ith  the cartesian plan p o s itio n  d isp lay . 
With th is  easier azimuth task, the p i lo t  could concentrate h is  a tte n tio n  on
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the more important g lides lope co n tro l. This meant th a t even w ith  on ly a 
ra te  con tro l system, a reasonable g lideslope performance could he achieved 
down to  the f la re .
The apparent random v a r ia t io n  in  the w idth o f the performance 
boundaries during the approach in  F ig  70 and 71 is  not f e l t  to  he 
p a r t ic u la r ly  s ig n if ic a n t .  This could re f le c t  however the way the p i lo t  
time shared the task o f azimuth and duration  con tro l when using the 
cartes ian  d isp la y . This is  discussed in  the next sub-section.
(b) Track ho ld ing  performance
Figs 72 and 73 present the tra c k  ho ld ing performance achieved in  
th is  t r i a l .  For ease o f comparison the re s u lts  obtained w ith  ra te  
s ta b il is a t io n  using the p o la r or cartes ian plan p o s itio n  d isp lay  are 
presented on the same graph, and s im ila r ly  fo r  a tt itu d e  s ta b il is a t io n . 
Examination o f F ig  72 shows a very large  d ispersion in  the performance 
boundaries w ith  the po la r p resenta tion . The in te re s tin g  feature  is  th a t 
a t the decelera tion range o f 1.35 km, the la te ra l s e n s it iv i ty  o f both 
po la r and cartes ian formats on the d isp lay  was equal, and yet the width 
o f the performance boundaries show at lea s t a fou r to  one ra t io  from 
the p o la r to  the cartes ian  performance. In  F ig  73, the s itu a tio n  is  as 
p red icted from previous re s u lts . Here the performance on the po la r 
d isp lay  matches the actua l con tro l law d rive  much more accurate ly. Despite 
the improved con tro l system however, there is  s t i l l  a two to  one ra t io  
in  performance at the equal s e n s it iv i ty  range. Another in te re s tin g  re s u lt 
is  th a t the performance using the cartes ian  d isp lay  in  F ig  73 is  only 
s l ig h t ly  b e tte r than in  F ig  72.
These various observations lead to  the fo llo w in g  i n i t i a l  conclusions. 
F i r s t ly ,  th a t a con tro l task w ith  a constantly  changed gain is  fa r  less 
acceptable than one demanding a constant gain, even though the la t te r  
may apparently requ ire  constant a tte n tio n  to  m aintain a n u ll .  I t  is  
suggested th a t the reason fo r  th is  is  th a t the workload in  height and 
speed c o n tro l.increase considerably as range decreases. I f  the workload o f 
m ainta in ing tra ck  also increases, then the p i lo t  although tim e-sharing 
the tasks w i l l  not devote s u ff ic ie n t e f fo r t  to  the tra ck  task to  accurate ly 
n u ll i t  continuously, p a r t ic u la r ly  under cross wind cond itions, when there 
are tasks w ith  a much h igher p r io r i t y .  I f  the main task o f n u ll in g  tra ck
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e rro rs  is  completed e a rly  in  the approach, then the p i lo t  w i l l  able to  
devote the time required to  o ther tasks w ithout lo s in g  co n tro l o f tra c k . 
Secondly, the fa c t th a t a constant a c t iv it y  le ve l is  presented means th a t 
less is  demanded o f the co n tro l system, as evidenced from the cartesian 
performance p lo ts  in  F ig  72 and 73* Here again the fa c t th a t the cross 
e rro rs  are removed at an e a rly  stage, means tha t part o f the o ve ra ll 
con tro l task remains constant. I t  fo llow s , the re fo re , th a t the con tro l 
a c t iv i t y  w i l l  he reduced in  the r o l l  channel, p a r t ic u la r ly  during a cross 
wind approach. The net re s u lt o f th is  is  tha t the performance achieved 
w ith  the ra te  system can he almost as good as w ith  the a tt itu d e  system, 
as shown from the p lo ts .
(c) Groundspeed performance
Only two o f the possib le  fou r graphs are presented in  th is  section , 
because the re s u lts  in  each case were almost id e n t ic a l.  Comparing Figs 74 
and 75 shows tha t the mean o f the groundspeed fo llow ed a very s im ila r  
p ro f i le  in  each case. The performance boundaries are qu ite  wide during 
the approach and diverge ra p id ly  during the f la re  and subsequent 
dece le ra tion . In  fa c t ,  the d ispers ion  during the decelera tion  was so great 
in  each case, th a t i t  could not he contained on the graph. The d e te r io ra tio n  
in  performance here compared w ith  s im ulator t r i a l  !A’ , is  due to  the 
absence o f the guidance vecto r fo r  speed con tro l in  the f in a l  stages o f 
the approach. As would he expected, the mean o f the deceleration 
performance corresponds to  an exponential decrease in  speed as the landing 
pad symbol tracks down the d isp lay  w ith  decreasing range. The large spread 
o f speeds achieved throughout the decelera tion need not o f i t s e l f  he a 
problem, provided th a t the height can he co n tro lle d  adequately. Although 
an unguided dece le ra tion  may he acceptable from a sa fe ty  v iew point, i t  
may not he optimum from an a ir c ra f t  handling v iew po in t, in  terms o f fu e l 
usage and engine bleed l i f e .  P rovid ing decelera tion  guidance, however, may 
increase the p i lo t  workload in  the one phase o f the tra n s it io n  where i t  is  
a lready very h igh . The balance between these two fa c to rs  is  not s tra ig h t­
forward. This aspect o f guidance is  discussed la te r  in  th is  .thes is , a fte r  
the f l ig h t  t r i a l  re s u lts  have been presented.
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8.3 The SC 1 F lig h t T r ia l
The fa c t th a t must he borne in  mind w ith  the SC 1 re s u lts , is  th a t 
they were obtained in  good v i s ib i l i t y .  However, th is  was o ffs e t to  a 
large extent by the fa c t th a t the approaches were made at high a lt itu d e ,
450 TT ag l, where ground p o s it io n a l cues were weak. During th is  high 
le v e l approach, the d isp lay  had to  he re lie d  upon to  m aintain a ir c ra f t  
he ight and tra ck . Apart from periphera l v isua l cues, which may have 
been o f assistance, the v e r t ic a l descent also had to  he conducted using 
the plan p o s itio n  d isp lay , since the p i lo t  had no d ire c t v is io n  o f the 
actua l s ite  during the whole o f th is  manoeuvre.
The re s u lts  presented fo r  the SC 1 were a l l  obtained during the 
eva lua tion  phase, and were an absolute measure o f performance achieved 
on th a t a ir c ra f t  w ith  the p a r t ic u la r  d isp lay  and con tro l system 
combination. The d isp lay  was a f u l l  guidance format as described in  
Chapter 7« The d rive  to  the plan p o s itio n  d isp lay was cartes ian , the 
la te ra l sca ling  being such*that a 1° angle subtended on the head-up 
d isp lay  represented 300 metres o f crosstrack e rro r on the ground, th is  
being 50$ higher s e n s it iv ity  than in  s im ulator t r i a l  B. The f u l l  scale 
d e fle c tio n  la te r a l ly  on th is  d isp lay  format was +5° which represented 
+1500 m. Both forms o f dece le ra tion  law were evaluated in  these t r ia ls ,  
although the one producing a constant decelera tion  was only assessed in  
the la t te r  stages o f the work.
The SC 1 w ith  i t s  advanced-concept manoeuvre-demand f l ig h t  con tro l 
system, combined w ith  the f u l l  guidance d isp lay , represented the most 
complex combination o f con tro ls  and d isp lays inves tiga ted  in  a l l  the t r ia ls .
One o f the lim ita t io n s  o f the previous sim ulator t r i a l  described, was 
th a t only a few o f the p a r t ic ip a t in g  p i lo ts  had yet V/STOL experience.
This was not the case in  the SC 1, where although only three p ilo ts  
took p a rt, each had a large amount o f V/STOL experience. During the 
course o f the SC 1 work a to ta l o f 103 so rtie s  were flown, 70 o f these 
using the head-up d isp lay . These included the d isp lay fa m ilia r is a t io n  
so rtie s  flown by the three p ilo ts ,  as w e ll as so rtie s  flown fo r  d isp lay 
c a lib ra tio n , problem clearance and the ea rly  d isp lay development. The 
analysis was based on the f in a l  t h i r t y  f l ig h t s  in  the eva luation phase, 
when techn ica l problems had been solved, and the p ilo ts  had demonstrated
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th a t they had surmounted the lea rn ing  curve f ly in g  the a ir c ra f t  using 
the basic d isp lay . Because o f the small number o f f l ig h t s  the analysis 
o f performance fo r  a p a r t ic u la r  d isp lay  or wind cond ition  is  only based 
on a very small number o f approaches. This must be borne in  mind when 
assessing the s ign ifica nce  o f the re s u lts .
(a) G lideslope performance
Figs 76 and 77 show the ana lys is o f the approach height p ro f ile s  
broken down in to  conditions o f l ig h t  head- and crosswinds, and strong 
t a i l -  and crosswinds re sp e c tive ly . The consistency o f height con tro l was 
b e tte r w ith  the l ig h t  head- and crosswinds. Here, i t  is  believed tha t 
the large t a i l -  and crosswind components increased the task d i f f i c u l t y  
o f m aintain ing tra ck , and th is  was re fle c te d  in  the height ho ld ing, 
which at th is  stage o f the approach was the less important task. This is  
a reversa l o f the task p r io r i t ie s  demonstrated in  the s im ula to r. I t s  
s ign ificance  is  discussed below.
F ig  78 combines the s ta t is t ic s  from a l l  the height p lo ts  to  give 
an o ve ra ll p ic tu re  o f the achieved height co n tro l. Here the mean height 
fo llow ed the intended p ro f i le  height reasonably w e ll u n t i l  the s ta r t  o f 
the dece le ra ting  tra n s it io n . During the tra n s it io n  the mean o f the height 
f e l l  below the demanded fig u re  by 50 to  60 f t .  This height loss was due 
to  the reduction in  aerodynamic l i f t  caused by the airspeed decrease as 
the l i f t  engines were ro ta ted  forward. Because o f the low fu e l s itu a tio n , 
and the fa c t th a t the dece le ra tion  manoeuvre was being performed at a 
safe he igh t, the p i lo t  made l i t t l e  or no attempt to  recover th is  loss 
in  he igh t.
The widths o f the performance boundaries in  F ig  78 are markedly 
g reater than in  the previous sim ula tor re su lts  obtained w ith  a s im ila r 
con tro l system. They are also markedly poorer than the CL 84 re s u lts  
discussed in  the next Section by a fa c to r o f at leas t two. This.was 
again because the approach was flown w ith  such an adequate margin above 
the obstacle clearance plane, the p i lo t  not being concerned about small 
height excursions. Because the height keeping accuracy was not important 
at th is  stage o f the approach, the p i lo t  devoted more o f h is  time to  
m ainta in ing tra ck  as demonstrated la te r  in  th is  Section.
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(b) V e r t ic a l speed during the descent
F ig  79 shows the analysis o f the v e r t ic a l speed p ro f ile s  during the 
long v e r t ic a l descent o f the SC 1 when using the plan p o s itio n  d isp lay 
w ith  the g re a tly  increased s e n s it iv i ty  described in  Chapter 7*2. The mean 
value and 99$ performance boundaries o f v e r t ic a l speed are p lo tte d  
against he igh t.
Examination o f the p lo t shows th a t the required ra te  o f descent was 
not achieved u n t i l  350 f t  above ground le ve l on average. This was mainly 
because p&rt o f the descent was achieved during the dece le ra ting  
tra n s it io n  due to  the l i f t  loss described in  the previous sub-section.
Near the bottom o f the descent the mean v e r t ic a l speed was not reduced 
as ra p id ly  as the planned p ro f i le  demanded and instead o f coming to  a 
hover at 100 f t ,  a small ra te  o f .descent was maintained. This more rap id  
conclusion to  the descent was thought to  be the re s u lt o f caution on the 
pa rt o f the p i lo t  in  conditions o f low fu e l margins. The performance 
boundaries show th a t the v e r t ic a l speed was n e ith e r flown accurate ly nor 
very co n s is te n tly . The reason fo r  th is  is  believed to  be tw o -fo ld ; 
f i r s t l y  th a t the ra te  o f descent used was low in  terms o f the th ru s t to  
weight ra t io  ava ilab le  at th is  stage o f the f l ig h t ,  so th a t the p i lo t  
was not concerned about exceeding the maximum safe descent ra te , and 
secondly th a t the p i lo t  d id  not fe e l p a r t ic u la r ly  constrained to  fo llo w  
precise guidance in fo rm ation  in  height when the plan p o s itio n  ho ld ing 
was much more im portant.
In  comparison w ith  the proposed operational p ro f i le  desoribed in  
Section 6.2, the p i lo ts  f e l t  th a t the ta rge t descent ra te  fo r  c i v i l  VTOL ' 
o f 2000 ft /m in  was too high fo r  p ilo t- in - th e - lo o p  operations, and th a t 
1000 ft /m in  would be more fe a s ib le .
(c) Track ho ld ing performance
As had been done in  the s im ula tor t r ia ls ,  an attempt was made here 
to  assess the e ffe c t o f the guidance vector on approach accuracy and also 
to  assess the e ffe c t o f changes to  the con tro l law governing i t s  
ro ta tio n . Thus approaches were flown w ith  the ro ta t io n  o f the guidance 
vecto r driven w ith  a f u l l  guidance law (equation 7-22), w ith  the bank 
quickening term removed from the guidance law, and w ithout the guidance 
vecto r present.
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Without the guidance vecto r present on the d isp lay , the track  
ho ld ing accuracy was more dependent on the wind. F ig  80 shows s ta t is t ic s  
based on three approaches on a day when the wind had l ig h t  head- and 
crosswind components. Fo llow ing the i n i t i a l  jo in in g  o f the approach 
ce n tre -lin e  the tra c k  e rro rs  continued to  decrease during the approach 
u n t i l  the dece le ra ting  tra n s it io n  commenced (from 2 km range). During the 
dece le ra tion  the tra c k  ho ld ing de te rio ra ted , p a r t ic u la r ly  as the hover 
was approached. F ig  81 shows a p lo t fo r  a s im ila r d isp lay  con figu ra tion  
based on s ix  approaches on a day when the wind had strong t a i l -  and 
crosswind components. The tra ck  e rro rs  were much greater than those 
shown in  F ig  80, although the two e rro r patterns were s im ila r  in  form.
I t  should be borne in  mind however, th a t the wind conditions in  F ig  81 
were severe and greater than would be accepted o p e ra tio n a lly , p a r t ic u la r ly  
under instrument f l ig h t  cond itions.
F ig  82 shows a p lo t o f la te ra l displacement s ta t is t ic s  based on s ix  
approaches performed w ith  the guidance vector driven in  ro ta tio n  using 
the guidance law w ith  the bank quickening term removed. The approaches 
were flown on a day when the wind had l ig h t  head- and crosswind components, 
comparable w ith  those o f F ig  80. However, comparing Figs 82 and 80 
l i t t l e  o ve ra ll improvement in  performance is  apparent using the unquickened 
guidance law. This may be due to  lagginess in  the la te ra l v e lo c ity  term 
re s u lt in g  in  d isp lay induced e rro rs . The lag was produced by a low-pass 
f i l t e r ,  w ith  a time constant o f over 1 second, required to  attenuate s igna l 
noise. The p i lo t 's  technique in  co rrec ting  an azimuth e rro r would have 
been to  make exp lo ra to ry heading changes and then to  wait and see 
whether they had been too large or too small. This would have given 
greatest problems during the dece le ra ting  tra n s it io n  when the reducing 
speed required increas ing ly  responsive heading changes to  prevent tra ck  
e rro rs  b u ild ing -up .
Although the guidance vecto r,apparen tly  gave l i t t l e  improvement, i t  
is  in te re s tin g  to  note th a t on close comparison o f F ig  80 and 82 
the a v a ila b i l i t y  o f the vecto r, a lb e it w ith  an im perfect con tro l law, 
helped the p i lo t  to  re fin e  gross tra c k  e rro rs  at an e a r lie r  stage in  the 
approach. In  ad d itio n , the subsequent tra ck  con tro l was reasonably 
consistent even during the dece le ra tion .
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The s ta t is t ic s  shown in  F ig  83 are based on four approaches on a day 
when the wind had strong head-” and crosswind components. The guidance 
vecto r was driven  in  ro ta tio n  by the f u l l  guidance law and the tra ck  
hold ing performance achieved was s ig n if ic a n t ly  b e tte r  than th a t achieved 
w ithout the guidance vector or the guidance law w ithout the bank quickening 
term. This was p a r t ic u la r ly  s ig n if ic a n t because o f the adverse wind 
conditions which occurred during the approaches w ith  the f u l l  guidance 
law. Not only d id  the hank quickening term apparently compensate fo r  the 
lagginess o f the la te ra l v e lo c ity  term, hut i t  enabled the p i lo t  to  
s a tis fy  the guidance vector ra p id ly  w ith  hank angle. Fo llow ing the i n i t i a l  
jo in , the performance boundaries l i e  w ith in  50 metres o f the approach 
ce n tre -lin e  u n t i l  the la t te r  stages o f -the decelera tion  and i t  is  believed 
th a t the performance achieved in  F ig  83 would have been acceptable 
o p e ra tio n a lly .
(d ) Plan p o s itio n  accuracy during the descent
The analysis o f the plan p o s itio n  ho ld ing during the descent, using 
the high s e n s it iv i ty  plan p o s itio n  d isp lay , is  .presented in  F ig  84, 
where the s ta t is t ic s  are based on eleven s o rtie s . The broken v e r t ic a l 
lin e s  represent the p ro je c tio n  o f a hypothetica l 100 metres diameter 
landing pad. I t  is  apparent from F ig  84 th a t the e rro rs  in  la te ra l
displacement are sm aller than in  range. This can he explained in  terms
o f the i n i t i a l  e rro rs  th a t had to  he corrected during the descent. When 
the p i lo t  selected the descent mode o f the d isp lay the a ir c r a f t ’ s la te ra l 
displacement and la te ra l v e lo c ity  were nom inally zero. This can be 
contrasted w ith  the s itu a tio n  in  range. When the p i lo t  selected the
descent mode the a ir c ra f t  was s t i l l  100 metres from the descent centre­
l in e  and had a s ig n if ic a n t forward speed, and both o f these q u an titie s  
had to  he reduced to  zero during the descent.
The performance boundaries o f both p lo ts  ind ica te  fu n n e llin g  a l l  
the way down to  the hover height (100 f t ) .  Although the boundaries o f 
the range p lo t are w ith in  50 metres o f the descent c e n tre -lin e  from 
160 f t  height downwards, the boundaries o f the la te ra l displacement p lo ts  
are w ith in  50 metres o f the descent ce n tre -lin e  from 300 f t  height down­
wards. From th is  re s u lt i t  is  be lieved tha t the performance in  la te ra l 
displacement may he acceptable o p e ra tio n a lly , but the range performance 
would probably need to  be improved in  an operational s itu a tio n .
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(e) Groundspeed. performance
The f i r s t  o f the two speed p ro f i le s  shown in  F ig  58 (groundspeed 
in  the tra n s it io n  p ropo rtion a l to  range to  go) was flown w ith  various 
strengths o f head- and crosswind component. F ifte e n  approaches were flown 
w ith  th is  con tro l law and the re s u lts  are p lo tte d  in  F ig  85° During the 
constant speed p o rtion  o f the approach the mean speed was about 2 kn above 
the design speed o f 120 kn and th is  o ffs e t was w ith in  the accuracy o f 
the d isp lay  system. The mean speed during the dece le ra ting  tra n s it io n  
shows th a t in  general the dece le ra tion  was sta rted  la te  but tha t the 
p i lo t  was able to  recover the s itu a tio n  at ranges o f -g- to  -J- km. At close 
range the demanded speed p ro f i le  was not fo llowed but some forward speed 
(about 10 kn) was maintained during the a cq u is itio n  o f the landing area. 
Looking at the performance boundaries i t  is  apparent th a t the speed 
con tro l became more accurate as the s ta r t  o f the tra n s it io n  was approached. 
However, during the t ra n s it io n  i t s e l f  the speed con tro l was less consis ten t. 
A co n tribu to ry  fa c to r to  th is  was th a t from a handling view poin t, igno ring  
fu e l considerations, speed was not c r i t i c a l  in  the tra n s it io n  because 
the SC 1 could not be s ta lle d , as could a conventional a ir c r a f t .  A lso, 
the dece le ra tion  c a p a b ility  o f the SG 1 meant tha t the speed could be 
corrected towards the end o f the t ra n s it io n .
The f i f te e n  so rtie s  summarised in  F ig  85 were flown over three days.
On two o f the days the head- and crosswind components were l ig h t  and on 
the th ir d  day they were much stronger. Figs 86 and 87 show the s ta t is t ic s  
re p lo tte d  fo r  each cond ition . I t  is  apparent from the p lo ts  th a t the 
speed con tro l was poorer w ith  the stronger winds.
The second o f the two speed p ro f i le s  shown in  F ig  58 (groundspeed 
squared, p ropo rtiona l to  range to  go) was flown successfu lly  on one day 
on ly, when the wind had strong cross- and ta ilw in d  components. An 
analysis o f the speed p ro f i le s  flown, based on seven approaches is  shown 
in  F ig  88. The mean groundspeed during the constant speed section o f the 
approach was about 30 kn higher than the design speed. The mean speed 
was reduced as the s ta r t  o f the dece le ra ting  tra n s it io n  was approached 
but remained too h igh throughout the tra n s it io n . The performance 
boundaries show th a t the speed co n tro l was least consistent immediately 
before the s ta r t  o f the dece le ra ting  tra n s it io n . The high approach speed
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resu lted  from the p i lo ts  being* re lu c ta n t to  f l y  a s u f f ic ie n t ly  low 
airspeed to  compensate fo r  the ta ilw in d  since th is  would have increased 
fu e l consumption to  an unacceptable le v e l. The large spread in  speed 
ju s t before the s ta r t  o f the tra n s it io n  was due to  v a r ia t io n  in  the range 
at which p ilo ts  tra n s fe rre d  to  attem pting to  f l y  the ground speed p ro f i le .  
The o ve ra ll consistency o f speed ho ld ing  was worse than th a t shown in  
Figs 85, 86 and 87 and th is  was probably due to  the wind conditions ra the r 
than the d if fe re n t speed p r o f i le .  Although the performance achieved on 
the p ro f i le s  was reasonably acceptable, th is  was one area where the 
p ilo ts  f e l t  they were being constrained unnecessarily by fo llo w ing  a 
p a r t ic u la r  groundspeed con tro l law. In  the CL 84 t r ia ls  the vector 
symbol was driven  to  represent the a ir c ra f t  v e lo c ity  vecto r in  plan 
p o s it io n , and th is  was f e l t  to  have several advantages as discussed in  
the next section.
8.4 The CL 84 f l ig h t  t r i a l
The re s u lts  presented from the CL 84 t r ia ls  were a l l  obtained during 
the evaluation phases, and as in  the SC 1 represent an absolute measure 
o f performance. The d isp lay  format contained a l l  the guidance elements, 
and the plan p o s it io n  co n tro l laws were optim ized to  give the combination 
o f po la r and cartesian drive:-described in  Chapter 7*2 eqns 7*12 and 7*13. 
The pad symbol la te ra l s e n s it iv i ty  sca ling  increased l in e a r ly  down to  
3 1cm range to  the pad, and then remained constant-w ith  fu r th e r decreases 
in  range. This constant s e n s itv ity  was 450 m/° o f subtended angle, f u l l  
scale d e fle c tio n  representing +1.35 km, the same as in  s im ulator t r i a l  B. 
The g lides lope  bracket s e n s it iv i ty  was only +40 f t ,  compared w ith  
+20 f t  in  the s im ulator t r ia ls .  This sca ling was thought to  give an 
acceptable compromise between accuracy and p i lo t  workload. .
As discussed in  Chapter 6.2, during the f in a l  period o f the CL 84 
t r i a l  two a d d itio n a l f l ig h t  p ro f i le s  were inves tiga ted  which were 
optim ized to  the handling c h a ra c te r is tic s  o f the a ir c r a f t .  A d d it io n a lly , 
m od ifica tions were made to  the d isp la y , to  improve the achieved performance 
in  tra ck  height and speed fo llo w in g . The range l im i t  fo r  the landing pad 
symbol and tra ck  l in e  was decreased from 1.35 km to  ju s t below '0.5 km 
and in  add ition  the head-up d isp lay  d e flec tio n  th a t represented th is  
range was increased from 4^ to  5° as subtended at the p i l o t ’ s eye.
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O vera ll, th is  was equivalent to  a fa c to r  o f 3*75 increase in  along and. 
crosstraok s e n s it iv i ty .  The s ta r t  o f the decelera tion was s igna lled  
to  the p i lo t  by a step change in  the diameter o f the landing pad symbol 
from 0.75° to  2°. The tra ck  lin e  symbol was increased in  length  to  
ass is t in  the p i lo t  in te rp re ta t io n  o f la te ra l displacement e rro rs . Also 
the guidance vector was used to  d isp lay  the a ir c ra f t  v e lo c ity  vector in  
plan form as described in  Chapter 7*4* In  the v e r t ic a l s itu a tio n  d isp lay , 
the g lideslope bracket s e n s it iv i ty  was increased so th a t th e ir  v e r t ic a l 
dimension represented +35 f t .  In  ad d itio n , engine torque was presented as 
a d ig i ta l  read-out to  the le f t  o f the v e r t ic a l speed scale o r ig in , and 
wing angle by means o f a rectangu la r marker ove rla id  on the v e r t ic a l 
speed scale, and read against i t  in  the d isp lay v e r t ic a l ax is . The o r ig in  
o f the scale represented a wing angle o f 40° , each index above or below 
th is  representing a 10° increase or decrease re sp ec tive ly . This a ir c ra f t  
s itu a tio n  in fo rm ation  was added to  ease the handling problems encountered 
in  the i n i t i a l  phase during the descent, f la re  and dece le ra tion .
During the i n i t i a l  eva luation phase o f the CL 84 t r i a ls ,  twelve 
f l ig h t s  were undertaken comprising 66 approaches. The analysis presented 
fo r  th is  phase, is  based on 40 o f these, when the b lin d  f ly in g  screens 
were present, the s ta b i l i t y  augmentation system was engaged and no 
equipment problems were encountered on the f l ig h t .  Although the d isp lay
format and con tro l laws evaluated were the same fo r  each f l ig h t ,  a large
v a r ie ty  o f wind conditions were encountered, and three configura tions o f 
b lin d  f ly in g  screens were employed as discussed in  Chapter 6.5° This 
means th a t the analysis o f performance fo r  a p a r t ic u la r  screen con figu ra tion
under a p a r t ic u la r  wind cond ition  was only based, in  some cases, on a small
number o f approaches, and was not s ta t is t ic a l ly  s ig n if ic a n t .  For th is  
reason plots- were produced which combined the approach performance data 
fo r  a l l  the screen con figu ra tions flown under a p a r t ic u la r  wind cond ition . 
Although th is  prevented a q u a n tita tiv e  assessment o f the d if fe re n t screens 
used, the v a r ie ty  o f wind conditions encountered was f e l t  to  have had 
g reater e ffe c t on approach performance. An analysis o f these e ffe c ts  
was f e l t  the re fo re  to  be more meaningful.
For the f in a l  eva luation phase, the analysis presented is  based on 
13 short landing approaches and 9 v e r t ic a l landing approaches where the
185
blind, f ly in g  screens were present, a 9° g lideslope was fo llow ed, the 
s ta b il is a t io n  system was engaged, and the d isp lay  format and con tro l 
laws were id e n t ic a l.  Because o f the small number o f approaches su itab le  
fo r  analysis separate p lo ts  could not be produced fo r  the various wind 
conditions encountered,neither could a q u a n tita tive  assessment be' made 
o f the d iffe rence  in  performance when f ly in g  on the head-up or head-down 
d isp lay . The graphs there fo re  represent the o ve ra ll performance achieved.
As in  the SC 1 t r i a l ,  the s ix  p a r t ic ip a tin g  te s t p i lo ts  a l l  had 
considerable v/STOL experience, and had also undergone an in tens ive  
f ly in g  tra in in g  programme on the CL 84, p r io r  to  the commencement o f 
the development f ly in g .
(a.) G lideslope performance
Figs 89, 90 ard $ 1  show the analysis o f g lideslope performance fo r  
head winds, le f t  crosswinds and ta ilw in d s  respective ly.. F ig  92 is  a 
combined s ta t is t ic a l  p lo t fo r  a l l  wind conditions and is  based on 43 
approaches. In  a l l  the graphs the mean o f the achieved performance 
fo llow s the demanded p ro f i le  c lose ly , p a r t ic u la r ly  in  F ig  92 the most 
s ta t is t ic a l ly  s ig n if ic a n t p lo t .
In  F ig  89, the head wind p lo t ,  the g lideslope boundaries converge 
down to  3*8 km. range and then diverge ra p id ly . This subsequent divergence 
is  as a re s u lt o f p i lo t  power inputs to  correct he ight e rro rs , and 
i l lu s t r a te s  the way in  which the pure s itu a tio n  in fo rm ation  displayed 
on the g lideslope brackets was used. At the g lides lope in te rcep t the 
p i lo t  selected a reduced power s e ttin g  which he knew from experience 
would take him approximately down the g lides lope . No co rrection  was 
then required  u n t i l  the a ir c ra f t  symbol was about to  move below the 
brackets on the d isp la y . However, th is  represented an e rro r o f 40 f t  
on the g lideslope re q u ir in g  a s ig n if ic a n t power change to  n u ll i t .
Because o f the handling q u a lit ie s  o f the GL 84, and the d e fic ien c ies  
in  the instrum entation discussed in  Chapter 9? Ike  correct power inpu t 
was not always made, re s u lt in g  in  a d e te r io ra tio n  in  g lideslope 
performance. The p ilo ts  f e l t  th a t th is  problem would have been reduced by 
increasing the s e n s it iv i ty  o f the g lideslope brackets, so fo rc in g  a 
response to  the d isp lay  e rro r a t an e a r lie r  stage. Other methods o f 
improving the g lideslope co n tro l are discussed in  Chapter 9*
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Fig 90 showing the performance fo r  le f t  crosswinds, e xh ib its  the 
i n i t i a l  convergence o f the g lideslope boundaries discussed above, but 
at the lower range o f 3*6 km due.to the low head wind component. In  
F ig  91, the performance boundaries o f the ta ilw in d  p lo t e xh ib it a more 
consistent g lideslope performance during the descent phase apart from a 
divergence o f the boundaries at 4«6 km range. At th is  po in t on the 
approach, the mean o f the p lo t is  above the demanded p ro f i le  suggesting 
th a t the i n i t i a l l y  set power le v e l was q u ick ly  found to  be too high 
fo r  the ta ilw in d s . Once th is  was corrected the demanded p ro f i le  was 
fo llow ed reasonably w e ll.
For a l l  the p lo ts  the performance de te rio ra tes  a fte r  the f la re  
commences at 2.5 km, dem onstrating'the d i f f i c u l t y  o f accurate ly changing 
the f l ig h t  path o f the CL 84 due to  i t s  low height damping. For the 
ta ilw in d  s itu a tio n , in  F ig  91? fu r th e r  d e te r io ra tio n  in  performance is  
evident as the dece le ra tion  commences from 1.2 1cm, the 3<x boundaries 
d ive rg ing  w ith  reducing range and the mean showing an o ve ra ll increase 
in  height above the demanded p r o f i le .  This was caused by the cross­
coupling bfetween speed and height con tro l during the dece le ra tion . The 
e ffe c ts  o f the cross—coupling were more s ig n if ic a n t in  the presence o f 
ta ilw in d s , because the wing had to  be ro ta ted  more ra p id ly  to  fo llo w  
the required dece le ra tion  p ro f i le  than in  a headwind approach, to  
compensate fo r  the higher groundspeed. These handling problems demonstrated 
th a t the developed e leva tion  p ro f i le  although analogous to  a H a rrie r 
approach was not optimum fo r  the ch a ra c te ris tics  o f the CL 84°
R eferring  to  the combined p lo t ,  F ig  92, the average w idth o f the 
performance boundaries is  +100 f t  about the mean during the descent.
The same consistency o f performance is  also achieved during the f la re  
and dece le ra tion  even though the p ilo t in g  task, was extremely d i f f i c u l t  
during th is  phase o f the approach. This was due to  the way in  which the 
p i lo t  assigned h is  con tro l a c t iv i t ie s .  Because the descent phase 
term inated in  a low a lt itu d e  f la re  and le ve l dece le ra tion , height was 
v e r y  important and s ig n if ic a n t height e rro rs  la te  in  the descent were 
d i f f i c u l t  to  co rrec t. Thus as the workload increased during the f la re  
th e .p i lo t  concentrated on the height p ro f i le  and tra ck  ho ld ing became 
a secondary task. This is  confirmed by the d e te r io ra tio n  in  tra ck  ho ld ing
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performance during the f la re  and commencement o f the dece le ra tion  described 
in  the next sub-section. This re s u lt is  s im ila r  to  th a t found in  the 
s im ula tor t r ia ls ,  accept th a t i t  is  in te re s tin g  to  note th a t on comparing 
P ig 61 from sim ulator t r i a l  A w ith  P ig  92, the performance in  the 
a ir c ra f t  was markedly b e tte r  during the decelera tion phase, despite 
the a ir c ra f t  handling problems. This is  believed to  be s im p^  a question 
o f experience and m otiva tion  ie  a l l  the CL 84 p i lo ts  were experienced 
in  f ly in g  V/STOL a ir c ra f t  and were also n a tu ra lly  fa r  more concerned 
about the p o s s ib i l i ty  o f crashing during the f la re  on dece le ra tion , 
than the sim ulator p ilo ts .
In  contrast to  the previous g lideslope p lo ts , Pigs 93 and 94 show 
the analysis o f g lideslope performance fo r  short and v e r t ic a l landing 
approaches during the f in a l  phase o f the CL 84 t r ia ls .  In  both p lo ts , 
the mean o f the achieved performance fo llow s the demanded p ro f i le  very 
c lose ly  espec ia lly  during the descent. P rio r to  the g lideslope in te rc e p t, 
the performance boundaries are very wide demonstrating the height 
excursions which occurred during the decelera tion  from a wing angle o f 
15° to  40° to  achieve the required 40 kn approach speed, Also the mean 
o f the performance graph shows an increase in  height as the a ir c ra f t  
’ ba llooned’ fo llo w in g  the s ta r t o f the dece le ra tion . This is  p a r t ic u la r ly  
marked in  P ig 94* The use o f the g lideslope brackets in  a constant height 
mode may have improved the height ho ld ing performance, but i t  was f e l t  to  
be unnecessary to  unduly constra in  the p i lo t  as th is  dece le ra tion  was 
undertaken at a safe he igh t.
P ig 94 shows the mean decrease in  height below 0.3 km range, as 
the p i lo t  d e lib e ra te ly  reduced the ground clearance during the f in a l  
dece le ra tion . This was pure ly a f l ig h t  sa fe ty precaution to  take account 
o f the p o s s ib i l i ty  o f an engine fa i lu re  during the hover.
The g lideslope performance- fo r  the v e r t ic a l landing approaches was 
a s ig n if ic a n t improvement over th a t achieved in  the i n i t i a l  phase, as 
found by comparing Pig 94 w ith  P ig  92. In  tha t the g lideslope bracket 
s e n s it iv i ty  was s im ila r  (+35 f t  compared w ith  +40 f t ) ,  th is  can be 
a ttr ib u te d  to  the closer matching o f the approach p ro f i le  to  the a ir c ra f t  
handling c h a ra c te r is tic s . The main aspect here was the se lec tion  o f a 
lower approach speed which reduced the cross-coupling e ffe c t between 
speed and he igh t, and the use o f a h igher g lideslope angle to  give a 
sensible descent ra te  at the lower approach speed.
192
0,
(J Ms-
X  — '
193
Fig
 
93 
G
lid
es
lo
pe
 
pe
rfo
rm
an
ce
 
in 
the
 
CL
84
. 
Sh
or
t 
la
nd
in
g 
ap
pr
oa
ch
es
 
un
de
r 
j 
al
l 
wi
nd
 
co
nd
iti
on
s 
(f
in
a
l 
ph
as
e)
&£
me
OC
css
OS ss=>X —
194
Fig
 
94 
G
lid
es
lo
pe
 
pe
rfo
rm
an
ce
 
in 
the
 
CL
84
. 
V
er
tic
al
 
la
nd
in
g 
ap
pr
oa
ch
es
 
un
de
r 
al
l 
wi
nd
 
co
nd
iti
on
s 
(f
in
al
 
ph
as
e)
(b) Track holding performance
Three graphs o f tra c k  ho ld ing  performance under several combinations 
o f wind conditions achieved during  the i n i t i a l  eva luation phase are 
shown in  F igs 95-97° F ig  95 shows the performance achieved under 
predominantly le f t  orosswind cond itions and F ig  96 shows the ta ilw in d  
performance. As th is  is  based on only ten approaches, i t  is  the leas t 
s ta t is t ic a l ly  s ig n if ic a n t p lo t .  F in a lly ,  F ig  97 is  a combined p lo t 
fo r  a l l  wind cond itions.
In all the plots the mean of the track holding performance follows 
the demanded centre-line closely, exhibiting a single small amplitude 
overshoot. The period of this overshoot is very long indicating that 
the time constant between the bearing and bearing rate terms in the 
azimuth steering law needed refining to a value below the 12.5 seconds used.
The performance boundaries w ith  one exception e xh ib it a convergence 
down to  3 km, are p a ra lle l between 3 km and the s ta r t  o f the dece le ra tion  
at 1.2 km and converge fu rth e r during the dece le ra tion . This is  
consistent w ith  the gain v a r ia t io n s  o f the azimuth s tee ring  law d r iv in g  
the guidance vecto r, described in  Chapter 7 eqn 7*2.3. As the range 
decreased to  3 km the gain increased, was constant from 3 km to  1.2 km 
and converged fu r th e r  from 1.2 km down to  zero range.
The graph showing the track holding performance for tailwinds 
exhibits trends in the performance boundaries, particularly from 3 km 
range, which are not evident in the other graphs. Although this can be 
partly attributed to the small number of data points, the divergence 
of the boundaries during the deceleration from 1.2 km can be directly 
attributed to the strong tailwinds. Under head or crosswind conditions 
the piloting task involved in maintaining constant height and initiating 
the deceleration from 1.2 km was very difficult and the tracking 
performance suffered in consequence. Once the first part of the 
deceleration had been undertaken an increasing amount of pilot effort 
was.available for track correction. Under tailwind conditions however, 
the piloting task became more difficult as the deceleration progressed, 
since either a negative airspeed was required at the end of the deceleration 
to maintain ground hover using a wing angle of greater than 90°> 0T the 
aircraft had to be slowly turned through 180° to face into wind in the hover.
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Either of these handling techniques caused an increase in pilot workload 
as the deceleration progressed with a corresponding reduction in track 
holding accuracy.
In  a l l  the graphs o f tra c k  ho ld ing  ho ld ing performance the 
performance boundaries are equispaced about the c e n tre - lin e , in d ic a tin g  
th a t crosswind components d id  net produce any o ve ra ll la te ra l o ffs e ts  
during-the  approach. Although th is  can he mainly a ttr ib u te d  to  the 
azimuth s teering  law re q u ir in g  the p i lo t  to  compensate fo r  crosswinds, 
the s teering  task was aided by the p o s it iv e  weathercock s ta b i l i t y  
(yawing moment due to  s ide force) o f the CL 84. The a ir c r a f t  ra p id ly  
assumed the correct d r i f t  angle to  m aintain tra ck  as the windspeed 
changed in  strength  or d ire c tio n , and th is  was confirmed by an examination 
o f the a ir c ra f t  heading data recorded during f l ig h t s  where vary ing cross- 
winds were present.
Turning now to  the f in a l  phase o f the t r ia ls  P ig 98 and 99 show 
the tra c k  ho ld ing  performance during short and v e r t ic a l landing approaches. 
In  both p lo ts  the mean o f the tra ck  ho ld ing performance fo llo w s  the 
demanded ce n tre -lin e  c lo se ly . In  P ig 98 the performance boundaries 
converge s ig n if ic a n t ly  at 1.9  km range as the p i lo ts  reduced the cross­
tra c k  e rro r p r io r  to  the g lides lope in te rc e p t. The boundaries continue 
to  converge as the range decreases, p a r t ic u la r ly  so in  the la s t 0.5 km.
At the touchdown po in t the performance is  very good the w id th  o f the 
boundaries being only +5 m. Although the p i lo t  was v is u a l at th is  range, 
since the screens were removed at 0.2 km range fo r  100 f t  decision height 
or 0.4 km fo r  a 200 f t  decis ion he igh t, the accuracy o f the d isp lay  
guidance was such th a t re s idua l crosstrack e rro rs  could he q u ick ly  
n u lle d  p r io r  to  touchdown.
F ig  99, showing the tra ck in g  performance fo r  the v e r t ic a l landing 
approaches, e x h ib its  an i n i t i a l  convergence in  the performance boundaries 
at a range to  touchdown o f 2.5 km, ju s t p r io r  to  the g lides lope  in te rcep t 
(see P ig  24 fo r  the th e o re tic a l f l ig h t  p r o f i le ) .  Some d e te r io ra tio n  in  
performance can he seen at 0.7 km as the p i lo t  s ta rted  to  f la re  the a ir ­
c ra ft  to  le v e l f l ig h t  at 100 f t  and commence the dece le ra tion . As found 
during the i n i t i a l  period, at th is  po in t during the approach the p i lo t  
concentrated on the height task and tra c k  ho ld ing became secondary. The 
tra ck in g  performance improved once the screens were removed at 0*5 km range.
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Comparing Figs 98 ard 99 the performance at the end o f the approach 
is  b e tte r fo r  the short landing than fo r  the v e r t ic a l landing. In  the 
former s itu a tio n  the p i lo t  aimed fo r  a s p e c if ic  po in t on the ground on 
which to  land, whereas in  the la t te r  case, as the a ir c ra f t  came to  a hover 
the actual touchdown po in t disappeared beneath the a ir c ra f t  out o f the ' 
p i lo t 's  normal f ie ld  o f view. Very small fo re  and a f t  or la te ra l e rro rs  
the re fo re  became d i f f i c u l t  to  detect espec ia lly  since the s e n s it iv i ty  o f 
the plan p o s it io n  format on the d isp lay  was not high enough to  ass is t in  
th is  task, as i t  was in  the SC 1 f l ig h t  t r ia ls .
I t  is  apparent th a t the o ve ra ll tra ck  ho ld ing performance fo r  the 
v e r t ic a l landing approaches is  much b e tte r than fo r  the short landings.
In  tha.t the p i lo t in g  task pr j or to  the f la re  was s im ila r  in  the two 
s itu a tio n s , th is  d iffe rence  in  performance can only be a ttr ib u te d  to  
lea rn in g  e ffe c ts . This would be consistent w ith  -the sequence in  which 
the approaches were flown since v e r t ic a l landings were always performed 
from the la s t three approaches in  each f l ig h t .  Although i t  was re a lise d  
th a t th is  was by no means ide a l from an experimental design v iew point, 
th is  sequence had to  be used since hover landings could only be undertaken 
once the a ir c ra f t  had burned s u ff ic ie n t fu e l to  provide a th ru s t to  weight 
ra t io  greater than u n ity .
Comparison o f F ig  99 w ith  F ig  97 the o ve ra ll tra ck  ho ld ing performance 
achieved in  the i n i t i a l  phase shows th a t th e 'f in a l phase performance was 
considerably b e tte r , espec ia lly  below a range o f 2.5 km. This can be 
a ttr ib u te d  to  the increased s e n s it iv ity  o f the landing pad symbol and 
tra ck  lin e  to  cross tra ck  e rro rs , coupled w ith  the presenta tion  o f the 
a ir c ra f t  azimuth v e lo c ity  vecto r on the d isp lay . The v e lo c ity  vector 
presenta tion considerably assisted the task o f jo in in g  the c e n tre -lin e  as 
i t  enabled the f in a l  ro l lo u t  to  be made p rec ise ly  on to  the required tra ck . 
Having ro lle d  out, i t  also enabled the p i lo t  to  a n tic ip a te  the correct 
d r i f t  angle required to  hold the demanded tra ck  in  the presence o f cross- 
winds. Another o ve rrid ing  consideration which must be borne in  mind here 
is  th a t the p ro f i le  in  the f in a l  phase was more matched to  the a ir c ra f t  
handling c h a ra c te r is tic s . This meant th a t the primary task o f g lideslope 
con tro l was less demanding than in  the 90 km approach case. The p i lo t  
the re fo re  found i t  s l ig h t ly  easier to  time-share h is  e f fo r t .  In  the tra ck
202
hold ing caso, the increased plan p o s itio n  s e n s it iv i ty  and v e lo c ity  vector 
in fo rm ation  allowed the p i lo t  to  use th is  a d d itio n a l e f fo r t  to  b e tte r  
advantage.
Before moving on to  the groundspeed p ro f i le s ,  i t  is  usefu l to  compare 
Pigs 97 and 99 w ith  P ig  73, the tra c k  ho ld ing performance in  s im ulator 
t r i a l  B. Even w ith  the cartes ian  plan p o s itio n  d isp lay , the approach 
co rrod io r is  s t i l l  +200 m throughout the la t te r  stages o f the approach, 
compared w ith  +75 m in  P ig 97 and +40 m in  P ig 99* Although some o f 
the d iffe rence  can be a ttr ib u te d  to  non-experienced p i lo ts  and s im ula tor 
d e fic ie n c ie s , the main e ffe c t is  be lieved to  be the absence o f the 
guidance vector in  any form. I t  was seen in  the previous subsection 
th a t the g lideslope performance in  the s im ulator was very comparable to  
the f l ig h t  t r i a ls  re s u lts , espec ia lly  during the actua l descent. Prom 
th is  i t  can he deduced th a t some read across to  the f l ig h t  t r ia ls  is  
p o s s ib le . ' This then re in fo rce s  the suggestion th a t the basic plan 
p o s it io n  d isp lay , however se n s itive , needs augmenting i f  a t ig h t  azimuth 
tra ck in g  performance is  to  he achieved. Since th is  would produce in  tu rn  
an increased p i lo t  workload, the requirement fo r  i t  needs to  he considered 
in  the l ig h t  o f the opera tiona l requirement and hence the allowable 
approach c o rr id o r.
(c) Groundspeed profiles
Pigs 100, 101 and 102 show the analysis of deceleration performance 
for headwinds, left crosswinds and tailwinds respectively. Pig 103 is a 
combined statistical plot for all wind conditions and is based on data 
from 38 approaches.
In Pig 100 the mean groundspeed held prior to the deceleration
clearly shows the effect of the strong headwind of approximately 17 kn.
As the length of the guidance vector was not driven by groundspeed until 
2 km range, the pilot normally flew a constant airspeed of 90 kn during 
the descent portion of the approach and accepted the resulting ground­
speed for the deceleration. In this headwind case the pilot took
advantage of the reduced groundspeed by commencing the deceleration from
the normal range of 1.2 km. This resulted in a more shallow deceleration 
profile than normal which allowed the pilot more time to correct height 
and track errors and reduced the overall workload associated with the task.
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For the left crosswind case Fig 101, the mean of the achieved 
performance follows the demanded profile very closely because of the 
small headwind component. In Fig 102 the mean of the groundspeed profile 
also follows the demanded profile reasonably well initially, despite the 
strong tailwind component. Here the pilot reduced the airspeed on the 
glideslope to compensate for the high groundspeed. Further into the 
deceleration it became more difficult to compensate for the tailwinds and 
this is reflected by the high mean groundspeed existing below 0.5 km.
One feature of the plots which is worthy of explanation is the fact 
that the mean of the groundspeed does not fall below 20 kn as the range 
decreases to zero. This occurred because the aircraft was only brought 
to a hover during the last two approaches of each flight, when the all-up 
weight was low enough to allow the aircraft to be recovered from a single 
engine failure.
In all the groundspeed plots, the performance boundaries are very 
wide throughout the approach, deteriorating particularly during the 
deceleration. During this manoeuvre they are +20 kn on average. This 
reflects the general handling problems associated with the transition 
and the non optimum deceleration control law used to drjve the guidance 
vector. Unfortunately, no groundspeed data was available from the final 
phase of the CL 84 trial and so no quantitative conclusions can be drawn 
on the benefits or otherwise of using the velocity vector for speed control. 
From the pilot's comments however, it can be deduced that this form of 
presentation was more easily interpreted that the speed guidance law and 
therefore found to be easier to use, although it did not necessarily 
guarantee accurate speed holding. As in simulator trial A, it is believed 
that speed holding in these trials was not felt to be important by the 
pilots as long as height could be controlled accurately. Because of the 
cross-coupling effects between speed and height control in the CL 84, 
particularly when decelerating from 90 kn, the pilot tended to modify 
the deceleration profile to minimize the impact on height control. The 
implications of this are discussed in Chapter 9.
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8.5 Harrier. Flight Trial and Modelling .Studies
Although flight trials were conducted in a Harrier T Mk 2 during 
the course of the research programme, insufficient quantitative data was 
obtained to produce any statistically meaningful performance graphs. 
Nonetheless, a large amount of subjective comment was obtained. The 
detailed comments are discussed in Chapter 9, "birfe main issues are 
included here.
The display format and control laws flown in the Harrier were similar 
to those investigated in simulator trial B, except that ttye plan position 
display used the preferred combination of cartesian and polar control law.
This gave a increasing cross—track sensitivity down: to 6.5 km, which then 
remained constant below this range until the deceleration. No guidance 
vector was used, since the objective of the work was to add the minimum 
symbols'to the standard visual approach format to achieve an instrument 
approach system.
Although simulated instrument approaches could be flown with 
acceptable accuracy in the aircraft, a moderate amount of pilot compensation 
was required to achieve the desired performance at 120 kn approach speed, 
even with the autostabiliser.engaged. Some pilots felt that the pure 
situation display, albeit easily interpreted, demanded too much attention 
during the approach. It was believed that this was because of the effort 
the pilot had to use to control the inner loop of the aircraft with its low 
angle of attack stability, and that if this inner loop task qould be 
reduced, then more of the pilot’s attention could be directed to the outer 
loop control. Because of these problems it was decided to do some additional 
simulation work towards the end of the research programme, to investigate 
possible improvements to the flight control system of a Harrier type' 
aircraft.
The simulation was done with a high speed digital computer, which was 
programmed with a validated non-linear model of the Harrier in the transition 
flight regime. This reproduced the total aerodynamic, hovering, thrust and 
undercarriage forces and moments, and the engine intake interference effects. 
Using this model, which was as closely matched to the aircraft oharacteristics 
as possible, some preliminary research was carried out into inner loop 
stability augmentation systems.
209
The detailed, design of a viable flight control system is felt to be 
beyond the scope of the present work, as is the complete, analysis of the 
closed loop. The response curves presented therefore, are to illustrate 
the problems of the inner loop control and possible solutions. The pitch 
plane was chosen for the analysis since it was felt to be most in need of 
some form of augmentation.
All the analysis was undertaken with the aircraft at 120 kn, with 
flaps and undercarriage down, and in a nominal level flight condition.
Fig 104 shows the response curves for the unaugmented pitch plane. Here, 
it can be seen that a low amplitude three second pilot stick input gives 
rise to a similar control surface deflection from the elevator, (since in 
this case they will be directly coupled). The elevator movement produces 
a pitch rate which climbs slowly during the deflection, and then climbs 
rapidly reaching , 50°/s after 5 seconds. This pitch rate produces a 
correspondingly rapid rise in elevation angle, whioh is matched after a 
short time delay by the angle of attack, this critical quantity reaching 
40° after 5 seconds, a figure where the aircraft would be well into the 
stall condition. Associated with the increase in angle of attack, the 
normal force about the centre of gravity increasesand the speed washes 
off.
In some respects, the way in which the longitudinal instability is 
excited is better illustrated by Fig 105, which shows the aircraft response 
under turbulence. Starting from an attitude of 8° nose-?up, the aircraft 
goes nose-down and then diverges nose-up. Angle of attack follows a similar 
pattern, reaching a figure, where an unrecoverable stall would result after 
3 seconds. These two sets of curves adequately demonstrate the instability, 
of the pitch plane and give some appreciation of the pilot compensation task 
required to maintain a given flight condition.
The next stage of analysis was to assess the effect of various levels 
of pitch rate feedback. Fig 106 shows the response curves for a pitch rate 
feedback system with a loop gain of 2.25® Here a pilot stick input of 
similar amplitude and duration to that in Fig 104 produces two very small 
sequential elevator pulses, whioh result in a pitch rate of 5°/s ^or a 
period of 2 seconds. This input isj insufficient to disturb the pitch plane, 
the angle of attack climbing slowly above 8° during the pulse input and 
then reducing again. It would seem1, from thbse results that the pitch rate
210
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feedback has given some measure of stability compared with the unaugmented 
pitch plane examined in Fig 104* In order to confirm this result, this 
pitch rate feedback system was assessed under turbulence. Fig 107 shows 
the results obtained here. The pitch rate initially generated by the 
turbulence gives rise to a large elevator deflection, which, although 
holding, the pitch rate at the end of the sample period to 4°/s, still 
results in a steady climb in angle of attack towards this stall condition. 
Although the angle of attack diverges slowly, a moderate amount of pilot 
compensation would still be required to achieve the desired performance 
(equivalent to a Cooper Harper rating of 4)* From the amount of elevator 
travel required to hold the pitch rate, it can be assumed that a low 
authority system, which only allowed 1° of elevator travel from the 
stabiliser actuator for example, would not be adequate for the turbulence 
level present. Whereas in Fig 106, only 1° of elevator travel was completely 
adequate to compensate for the single pulse input from the pilot. This 
demonstrates the importance of establishing prior to the modelling 
assessment, the precise flight conditions likely to be encountered and the 
amount of pilot compensation which could be tolerated during the control 
t as k .
The final system examined..consisted of a stabiliser with pitch rate 
and integral pitch rate feedback, both with gains of 2.25® The responses 
obtained under turbulence are shown in Fig 108. It can be seen from the 
traces that the initial pitch rate response is similar to that in Fig 107, 
but that once the integral term starts to increase, the pitch rate slowly 
falls back to zero. Again the system produces a large elevator deflection 
demonstrating that a high authority system would be required. The angle of 
attack during the sample period slowly climbs towards 12°, and remains at 
that figure, which is well below a stall value. It can be concluded that 
this system as tested is stable and that pilot compensation would, not be a 
factor for desired performance (Cooper Harper rating of 1 or 2),
It is maintained that these plots amply illustrate the possible use of 
mathematical modelling techniques to derive inner loop control systems for 
V/STOL aircraft to meet a variety of requirements, With further development, 
these techniques could also be used to produce viable designs for outer loop 
control systems, height damping for example where the engine control system 
would have to be included in the total design.
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CHAPTER 9
DISCUSSION OF QUALITATIVE RESULTS
This Chapter examines the subjective results from the research 
programmes, which were derived from pilot debriefing sessions immediately 
after flights, questionnaire and flight reports. Based on these results, 
an assessment is made of the relationship between the control system and 
the pilot’sresponse to a particular display format. Due to the 
inherent variability of subject pilots, there was an inevitable spread of 
opinion on the suitability of the display formats for the approach task. 
However, because of the way in which the questionnaires were structured, 
it was usually possible to interpret from these comments whether a 
criticism was of the symbol shape, its control law or the basic 
philosophy of presenting the information in that way.
The Chapter is divided up into sections which deal with firstly 
the handling qualities of the aircraft, both real and simulated, and the 
display format and control laws in their various forms. Since the 
displayed information was derived from the aircraft sensors and 
ground guidance system, the requirements for these are delineated secondly. 
Thirdly, the impact of weather conditions and operating procedures on the 
instrument approach task is also discussed, and conclusions drawn on 
what restrictions should be placed on these factors in order to prevent 
an excessive pilot workload or extreme system complexity. The last 
section discusses the control and display interaction and to what 
extent this correlates with the quantitative results from Chapter 8.
As discussed in Chapter 6.5 , the Cooper-Harper rating scale for 
assessing system acceptability, described in ref 46, -was used by pilots 
to a limited extent in this present work. This rating scale is 
reproduced in Fig 109 so that task difficulty can be referred to it, 
when appropriate for comparison purposes.
9.1 Aircraft handling qualities
In this section, the individual aircraft's-handling qualities and 
particular control problems are described. Since these descriptions 
are a combination of the pilot’s comments in relation to the particular 
profile and configuration flown, an attempt is made at the end of the
217
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section to interpret from them more general guidelines for v/STOL 
aircraft handling qualities.
(a) SC1 aircraft
It was felt that the manoeuvre demand flight control system of the 
SC1, which disguised the natural poor handling characteristics of the 
aircraft, produced a significant reduction in pilot workload during the 
approaches flown using the display. The pilots considered that the 
trials profile could not have been safely flown on instruments in the 
SC1, without the stabilisation system functional. Without additional 
data.points, it was not possible to deduce from this comment whether a 
lower level of stabilisation would have sufficed. However, the 
pilots agreed that basic attitude control, with either the attitude or 
rate demand modes of the control system selected, was a relatively 
undemanding task in any phase of flight, and unlike the aircraft when 
unaugmented, there were no significant attitude disturbances 
accompanying either thrust or thrust vector variations. Although 
adequate stabilisation was provided in all axes the total control power 
was strictly limited and care bad to be exercised in controlling 
rolling moment due to sideslip. The problem of limited control 
authority is greater in jet v/STOL aircraft than in any other types, since 
the control power is derived mainly from bleed air from the engine at 
low speed.
Por the control of bank angle the rate demand made of the flight 
control system was preferred to attitude demand, because the former was 
more precise and did not entail the pilot having to hold the stick over 
during turns. Por elevation control, there was little to choose 
between the rate and attitude demand modes. This may have been 
because the attitude mode was not sufficiently precise to be effective 
due to deficiencies in the reference gyroscope. Apart from this the 
pilots preferred the rate demand mode for elevation control because they 
did not have to re-trim the fore/aft position of the stick after making 
small elevation changes.
Due to the aircraft’s inherently poor directional stability, and 
the overall limited control power already discussed, the yaw stabiliser 
was felt to be essential for the instrument approach.
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The cross-coupling between lift engine tilt and throttle as 
controls for horizontal and vertical motion gave rise to handling 
difficulties during the decelerating transition as already described in 
Chapter 8.3. It was felt that the control of height and vertical speed 
in this region would have been greatly improved by some form of artificial 
height damping, which would have in turn reduced the pilot’s workload.
Regarding the aircraft’s controls, the engine tilt inching 
button on the pilot’s stick gave instinctive control of thrust deflection 
and wasliked. The fact that vector angle control was in this position 
meant that all the primary controls (stick, rudder pedals, inching 
button and lift engine throttle) could be controlled simultaneously, and 
the pilots found this particularly helpful in the latter stages of the 
decelerating transition.
(b) The CL84 aircraft
The major inner loop handling problem encountered during the 
approach in this aircraft was that of pitch attitude control. The rate 
stabilisation provided in pitch supplemented by a relatively weak attitude 
term, did not have sufficient authority to compensate for the small but 
significant disturbance in pitch which occurred with any power or wing 
angle change. The programming of the tail horizontal stabiliser with 
wing angle removed the grosser pitch trim changes which would have 
occurred during the deceleration, so giving an acceptable pilot handling 
task for a visual deceleration. However, for the instrument approach 
task it was recommended that there should be much greater longitudinal 
stiffness in the aircraft. This oould be achieved with a manoeuvre 
demand system of the type in the SC1 with either rate or attitude 
modes available, depending on the manoeuvrability required. Although 
roll attitude control caused less difficulty than pitch, it was again 
felt that for the instrument approach task a high authority control 
system was required.
One great advantage of the CL84 tilt-wing concept was that a 
larger proportion of the total available thrust was available for control 
power, compared with the jet v/STOL concept. This meant that 
throughout the entire speed envelope including the hover, the aircraft 
had entirely adequate control authority about all axes for the required 
manoeuvres.
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The aircraft exhibited decreasing height damping as forward speed 
was reduced, consequently the control of height, either during the 
deceleration or on the glideslope was the most demanding task throughout 
the approach profile. The difficulty of adequately controlling 
height was compounded by the fact that a longer than optimum time 
constant existed between a power change and the resultant change in 
vertical speed. Considering the vertical axis only, the aircraft’s 
initial response to a power change was an acceleration. When a power 
change was made to correct an observed error on the glideslope it's 
application resulted in a very slow initial aircraft response which was 
indicated to the pilot through the overdamped vertical speed indicator. 
Because the pilot did not observe a response in a reasonable time, 
another larger power change would be made to force the situation.
When a response did occur an attempt then had to be made to reduce the 
magnitude of the power input to hold the required condition. In some 
cases this time constant between power change and response was never 
fully mastered, and resulted in gross overcontrolling with power 
whilst chasing the vertical speed indicator.
The aircraft characteristic described above caused most problems 
during the level deceleration phase of the initial approach profile flown. 
As the wing angle was increased in the zero to approximately 35° range 
a significant power reduction was required to prevent the aircraft 
climbing and if the wing angle was then held constant, power had to be 
re-applied as the speed decreased to prevent a subsequent loss of 
height. At wing angles above 35° corresponding to approximately 45kn , 
this cross-coupling effect rapidly decreased as the wing was moved to 
control the deceleration. The correct coordination of power and 
wing angle to maintain level flight throughout a transition at low level 
was a demanding task, and whilst very acceptable levels of performance 
could be attained in visual conditions, the workload when flying under 
simulated instrument conditions was extremely high. The subsequent 
trials carried out using the 9° glideslope and low approach speed, 
demonstrated that at higher altitudes when the pilot was not so tightly 
constrained in height,- azimuth and groundspeed profile, transitions to 
the final approach speed of 40kn could be accomplished with quite an 
acceptable workload and without excessive excursions in height.
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The final deceleration from 40kn at low level, could then he achieved with 
far less difficulty. Despite the improvement in handling achieved by 
tailoring.the profile in this way, it was felt overall that artificial 
height damping should be incorporated into the flight control system.
As in the SC1, thrust vector position ie wing-tilt could be 
controlled from a switch, in this oase on the throttle top. The pilot 
was thus able to control all the degrees of freedom of the aircraft 
without having to move either hand to a different control. This was 
felt to he an essential feature for v/STOL aircraft performing instrument 
transitions.
(c) Harrier aircraft and simulation
The handling problems of the Harrier aircraft were in many ways 
similar to those of the unaugmented SG1. As in the CL84 the principal 
problem in the Harrier was control of pitch plane to maintain angle of 
attack within prescribed limits. Even at an approach speed of 120kn 
the static margin was small with a consequently low angle of attack 
stability. In gusting conditions a moderate amount of pilot compensation 
was therefore required to control the aircraft to achieve the desired 
performance. With the standard low authority stability augmentation 
system engaged, control of the pitch plane was slightly easier during 
the descent. During the instrument transition however, the task 
became more difficult, extensive pilot compensation being required to 
achieve adequate performance. It was agreed that to achieve an 
instrument transition in the aircraft with minimal pilot compensation 
would require a flight control system similar to that investigated in 
simulator trial A ie like that of the SC1.
Due to the pitch control problems above, the control of azimuth 
was relegated to a secondary task. However below the speed where intake 
momentum drag effects give rise to a negative weathercock stability, 
there was an increasing danger that a sideslip would develop which would 
not initially be checked.
Because of the demands of the inner loop, the pilot found it 
difficult to achieve the desired outer loop performance. This problem 
was compounded during the deceleration by the pilot not being able to 
control throttle and nozzle simultaneously. Although the nozzle lever
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was adjacent to the throttle, it was not possible to move both controls 
with one hand. The pilots felt that this was an almost essential 
feature if the deceleration were to be controlled manually.
Although the aircraft exhibited some cross-coupling between speed 
and height control this was not as marked as in the CL84. At the 
approach speed on 120kn with a nozzle angle of 65° to 70° the aircraft 
could be decelerated without a large ’ballooning’ effect provided that the 
nozzle angle and throttle were coordinated correctly.
As in the SG1 the control power margins were very limited, and with 
the low authority stabiliser care had to be taken to ensure that 
excursions in pitch or roll were checked immediately. Similarly, because 
of the low thrust to weight ratio the pilot had to prevent large descent 
rates occurring late in the approach.
9*2 Elevation guidance
The vertical speed command arrow evaluated in the SC1 for 
elevation guidance was not felt to be the best form ofpresentation.
Its peripheral position on the display made it undemanding and small 
errors could be missed in the pilot’s scan. Assimilation of height 
information from the ellipse was particularly difficult during the 
deceleration in the high workload conditions. The pilots differed in 
their views on the usefulness of the command arrow for height holding.
Some used it in conjunction with the height read-out, whilst others 
ignored it completely and flew primarily on the height digits deriving 
trend information from the vertical speed scale. In the descent, the 
peripheral position of the ellipse did not present as great a problem as 
in level flight, because the pilots’ handling task was easier than 
during the deceleration, and there was more time to scan and interpret 
the displacement of the ellipse.
The alternative method of presenting glideslope information 
developed during the trials was the glideslope brackets. These were 
greatly preferred by the pilots as they were in a dominant position on the 
display and were instinctively interpreted in the correct sense. Some 
pilots found it natural to respond to errors on the brackets with pitch 
instead of power because of their central position and their similarity
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to a flight director. (of Naish director Chapter 5°)» This did not 
cause significant problems in the Harrier simulations or Harrier flight 
trial but it did produce some difficulties in the early stages of the 
CL84 trial. By using brackets of greater vertical dimension the problem 
was reduced, but there was still a tendency in very high workload 
situations to respond, albeit momentarily, to errors with pitch instead of 
thrust. This not only delayed application of the necessary power 
correction, but also aggravated the high workload associated with the 
inner loop control of the aircraft. Overall, it was felt that this 
particular form of presentation was more suited to jet V/STOL aircraft, 
where small pitch changes may be used to correct height errors when the 
approach speed is such that the aircraft has a large amount of aero­
dynamic lift. The solution to the problem in the OL84 may have been 
to quicken the presentation with height rate and washed out power level 
position. However, this would be at the expense of reduced situation 
information and would need careful investigation.
Of the various glideslope brackets sensitivities investigated,
—  40ft was coarse enough to provide adequate warning of the glideslope 
commencement, but too coarse for accurate glideslope control particularly 
during the flare and deceleration. The figure of ■“ 20ft was felt to be 
optimum for this low level transition, and in the simulator trials this 
was found to be true, although a high workload could result unless 
adequate stabilisation was present on the pitch phase.
The alternative technique, described in Chapter 7*3? of driving 
the glideslope brackets as a function of glideslope angular error, was 
investigated briefly in the Harrier T2 trials. This was an attempt to 
not constrain the pilot too much at the top of the glideslope, whilst 
providing an adequate sensitivity during the flare and the deceleration. 
From the brief assessment carried out, it was concluded that if the 
aircraft has low height damping, and several power corrections are required 
to alter vertical speed, then the brackets with the constant sensitivity 
are preferable, since the pilot can adapt to their scaling throughout the 
approach. For aircraft with good height damping, and rapid vertical speed 
response to power inputs, the brackets with the increasing sensitivity, 
would be acceptable, and even desirable, since the pilot need not be 
unnecessarily constrained at the start of the glideslope.
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Apart from the bracket sensitivity factor some problems existed 
with the methods devised to warn the pilot to initiate the flare. In 
the CL84 trial, the brackets gave a smooth transition to level flight over 
a range of 0.5kn. The only warning of flare commencement was a small 
upward movement of the brackets which could he misinterpreted as a normal 
glideslope error, resulting in an undershoot, after several small power 
corrections had "been made. In simulator trial ’A®, the brackets gave 
an abrupt transition to level flight after the plan position display 
flashed on and off to warn of its approach. The pilots did not always 
associate the cue from the horizontal situation with an event in the 
vertical situation and in consequence would undershoot on some 
occasions. The final method used was to flash the glideslope brackets 
on and off over a particular height band and then rely on the pilot to 
manually flare whilst the brackets continued to demand a reducing 
height. As demonstrated in Chapter 8 this method also produced 
difficulties, since it was very difficult for the pilot to suddenly stop 
following the brackets, having done so throughout the approach.
Based on these results, it is believed that if the glideslope
brackets are to flare the aircraft to level flight, a smooth transition
matched to the aircraft’s vertical deceleration capability should be 
provided and the brackets flashed to warn of the flare. Alternatively 
if an unguided flare is required then the brackets should be flashed
and then switched off completely so that the pilot is forced to transfer
to the height and vertical speed readouts.
(b) Basic flight display
Apart from the comments on the elevation guidance, the pilots felt
that the basic flight display was not optimum in some respects for the
instrument approach task. Although not prejudicial to overall 
performance, it was considered that the deficiencies increased the time 
required to assimilate information, and therefore increased task 
difficulty in what was already a high workload situation.
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One of the criticisms was the digital height readout used in the 
CL84 and SC1 trials, which although clearly presented, was felt to lack 
the trend information normally derived from a circular pointer instrument 
To obtain the actual height a finite time was required to read the 
digits, and apart from the poor impression of trend, no instantly 
assessable impression of height error could be obtained, whereas there is 
an almost unconscious ability to appreciate the displacement of a pointer 
as it approaches a known and desired position. In addition with a 
circular pointer presentation, the difference between oscillations in the 
read-out and a rapid divergence can be quickly assimilated, whereas a 
digital readout has to be carefully monitored in order to detect this 
difference.
The combination of digital readout and circular pointer developed 
to meet these requirements has already been described in Chapter 7»l(b), 
and Fig 50° This form of presentation was evaluated in the later 
simulator programme, and the Harrier flight trials. Although not 
quantifiable, the pilots all agreed that the relative ease with which 
height information could be acquired, even peripherally, was of 
particularly advantage during the low level decelerating transition, when 
the task difficulty was greatest.
Coupled with the height readout, the pilots felt that an 
instantaneous readout of vertical speed was essential for aircraft with 
low height damping characteristics. The vertical speed signal in the 
CL84 had to be filtered to reduce noise and this inevitably gave rise to 
some instrument lag in the readout. Based on the experience with the 
SC1 and Harrier which both had instantaneous readouts, it is believed that 
the basic difficulty in the CL84 of establishing the correct power 
setting during the descent, and coordinating power with wing angle in the 
deceleration, would have been eased considerably if the bandwidth of the 
vertical speed display had been higher. This is a situation where the 
display can play an important role in compensating for the deficients 
in the handling qualities of the aircraft. The significance of this 
point is elaborated in the final section of this Chapter and the 
conclusions.
The final factor whioh was felt to need particular attention when 
designing the control and display system combination for the instrument
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approach was the pitch attitude scaling. Of the three scalings assessed 
it was felt that the 5*1 scaling did not provide sufficient sensitivity 
and hence allow the pilot to respond quickly to an unscheduled pitch 
departure. The 1s1 scaling tended to induce a high pilot gain in
tracking it, since it responded to every gust on the aircraft. In
addition this scaling made system noise, haclclash and inaccuracy more 
noticeable especially during visual approaches when these problems caused 
differences between the artificial and real horizons. Although no 
quantifiable justification could be established from the results, the 
pilots9 subjective views were that unless the 1:1 pitch scaling was
required for other reasons, eg visual air to ground weapon release
where system errors would have to he minimised for accuracy, then the 
2:1 scaling was preferable. As with the other factors this choice is 
also affeoted by the handling characteristics and general flight 
behaviour of the aircraft. If the short period pitch oscillation is 
minimised by the flight control system throughout the envelope, such that 
the precise attaining and maintenance of a particular attitude oan be 
easily achieved, than a high pitch gearing would tend to he favoured, in 
those situations where accurate flight path holding is essential
9•3 Plan position display and control laws
The great majority of the participating pilots concluded that the 
novel combination of vertical and other plan position information on one 
display did not produce ambiguities or disorientation. The landing pad 
and track line symbols together with digital range from the landing 
area, not only provided essential guidance during the approach, hut could 
he used successfully for joining and acquiring the centre-line.
Por the joining task the plan position display was felt to be very 
much easier to interpret than a conventional ILS display, and was felt 
to be entirely adequate for flying complete circuits without any assistance 
from external sources. No criticism was made of the fact that the 
landing pad symbol was not ground stabilised and did not overlay the 
actual landing area. On the contrary, this was an advantage during cross 
wind approaches because the pad symbol remained within the pilot’s field 
of view as the aircraft turned into wind during the deceleration.
This plan position concept was not only felt to he invaluable for 
instrument approaches, but could also be very useful in clear weather
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when approaching an unfamiliar dispersed site or where visual contact with 
the landing area was prevented by a restricted downward view from the 
cookpit as in the long vertical descent of the SC1.
(a) Landing pad and track line symbols
One of the minor difficulties found when using the plan position 
display in its initial form was the fact that there was a gap between the 
bottom of the track line and the top of the aircraft symbol.
With the presentation in this form it was found to be- 
difficult to gauge accurately when the aircraft was on track, since the 
pilot had to mentally project the track line to see it bisected the 
aircraft symbol. This was not helped by the fact that in most of the 
trials the aircraft symbol was a winged circle to maintain commonality 
with operational formats. This was where the cross used in the SC1 
display shown in Fig 48 was found to be advantageous since its vertical 
element could be easily lined up with the track line to detect residual 
track errors. In the other display formats the interpretation problem 
was reduced by extending the track line to the top of the aircraft 
symbol. •
The increase of the landing pad symbol diameter with decreasing 
height assessed in some of the trials was not found to be a very dominant 
one and was not felt to have had any significant affect on performance. 
Under normal circumstances, the aircraft’s rate of descent was too low 
to produce a perceptible rate of change of diameter. However, any time 
the pad symbol was referred to in isolation, rather than as an aiming 
mark for the guidance vector, it did provide an indication of ooarse 
height which could be rapidly assimilated because the landing pad was such 
a dominant symbol. It was felt therefore to be a useful cue, particularly 
in those situations where a height error had built up due to the pilot's 
attention being diverted elsewhere.
The wind direction arrow positioned on the circumference of the 
landing pad symbol was a useful reminder for the pilot of wind direction 
during the approach. The main difficulty was that the information 
presented was manually set, and oould therefore be erroneous due to ■ 
shifts in wind direction with reducing height. Overall, it was felt that 
this feature could be eliminated from an operational system to reduce
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display clutter and complexity provided that the guidance vector was 
presented, since the pilot was aware of the wind strength and direction 
after nulling the guidance vector and monitoring the resulting drift angle. 
Without the vector, it was agreed that the wind direction indication was 
highly desirable since it would give the pilot an initial indication of 
the direction in which the aircraft would have to drift in order to hold 
the track.
The view expressed in Chapter 7 on the problems of the constantly 
changing crosstraok sensitivity in the polar plan position display was 
upheld by the pilots who participated in the simulator trials and the 
CL84 development flying period. Although it was believed to be 
conceptually correct to provide a 1:1 angular presentation, the 
constantly increasing crosstraok sensitivity with reducing range gave 
rise to significant workload problems particularly in the latter stages 
of the descent and throughout the deceleration.
In the simulator work where a comparison could be made, the 
cartesian form of presentation with the constant crosstraok sensitivity 
gave a constant workload and this was greatly preferred by the pilots.
This was because once they had adapted to the sensitivity and.scaling, 
they could devote more of their time to solving the other control problems, 
whioh became more demanding as the approach progressed. The disadvantages 
of the cartesian drive was that at long range, when undertaking the join 
to centre-line only small crosstrack errors could be accommodated before 
the display limit was reached. Consequently, there was little warning 
of the approach of the centre-line, and this frequently resulted in an 
overshoot.
The combination of the two drives first evaluated in the CL84 was 
partially successful, except that the constant scaling was only present 
from 3km range, and the pilot had to contend with a constantly changing 
lateral sensitivity throughout the major part of the descent. The 
magnitude of this problem was reduced considerably with the use of the 
guidance vector discussed below, but it was felt that if the constant 
crosstrack sensitivity was present throughout the descent this would be 
advantageous. In the Harrier trials, the mixed cartesian/polar drive 
was investigated except that here the constant scaling started from 
7 .5km, the actual start of the descent. The scaling at the joining 
range of 13km for example was adjusted to suit the turning radius of the
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aircraft so that the join to centre-]ine could be achieved without 
a slgni Pi eat 11. Overshoot'. In the Harrier trials, no guidance 
vector was presented, and the pilot had to rely on the plan position 
display to join and hold centre-line. This was found to be reasonably 
successful, the lateral scaling from 7*5 km being well suited to the 
lateral handling characteristics of the aircraft. The main problem 
found was that at 131km range, the display could accommodate 21cm across 
track error before limiting, which was only slightly more than the 
turning radius of the Harrier in a 30° hank turn at 170 kn. The centre­
line was invariably overshot with this scaling since the pilot had first 
to see the pad symbol move before smoothly entering the turn.
Prom all the Subjective comments above it can he postulated that 
the design criterion for the plan position symbol should he that the 
scaling at the joining range should he low enough to accommodate the 
average turn radius of the aircraft without an overshoot occurring.
This sensitivity should then increase until a fixed scaling is reached 
at the start of the descent which gives the required corridor width for 
the remainder of the approach.
It was only in the SC1 and supporting simulator trials, that the 
plan position display was used to attain and hold the hover over the 
landing pad centre during the long vertical descent. Here, the gross 
increase in landing pad symbol diameter and plan position sensitivity 
required to achieve the touch down accuracy, was found to he acceptable 
to the pilots since it resulted from pilot action, and oould therefore be 
anticipated. The fact that a constant pad symbol diameter and scaling 
was maintained throughout the descent also ensured that no false 
groundspeed cues were produced, as could result from a pad symbol which 
increased in diameter with decreasing height, or whose plan position 
sensitivity increased with decreasing height.
The plan position scaling finally selected was found to he 
sufficiently high to allow adequate accuracy during the descent, and to 
enable the pilot to assimilate groundspeed cues from the motion of the 
pad symbol. It was agreed that further increase in sensitivity could 
have resulted in over controlling in the absence of an accurate ground 
vector. It was suggested therefore that the addition of a vector 
symbol driven in length and direction from a suitable source such as 
Doppler, would have allowed further improvements in final positioning
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accuracy, particularly when attempting to oppose wind shear effects 
during the descent.
(h) Digital range
There was no criticism of the digital read-out of range, as there 
was of the other digital presentations on the display, due to its low 
unidirectional rate of change. The decrements of 0.1kn were felt to 
have sufficient resolution for accuracy and yet he coarse enough to 
acquire and read during the normal display scan. For approaches where 
decelerations to the hover were conducted on instruments, the closure of 
the pad symbol towards the aircraft symbol gave an analogue representation 
of remaining range which supplemented well the digital read-out in this 
final critical phase of flight,
(o) Guidance vector
The principle of flying the guidance vector aiming mark (an arrow 
head) to the landing pad symbol to control speed and track did not present 
pilot interpretation difficulties after learning experience. Occasional 
control reversals in track control were experienced during early 
development flying, but these were not repeated during the evaluation 
periods. The speed demand was never misinterpreted.
The two main azimuth steering control laws governing the rotation 
of the guidance vector, evaluated in the SG1 and CL84 flight trials and 
defined in Chapter 7*4, were found to be well matched to their respective 
plan position displays. The pilots felt that they could follow 
demands easily without excessive control activity. In the CL84 trials, 
track oscillations were experienced in the early stages of the approach 
when following the vector, and although not evident in the performance 
figures some further improvement of the control law was probably required.
Apart from this minor factor, the overall concept of the guidance 
vector was felt to be sound. It was found to be extremely useful for 
the major part of the approach for quickly establishing a stabilised 
heading to maintain track, especially in steady cross wind conditions.
In addition, the vector provided a cue for making rapid adjustments to 
track, either following a windshear or when the pilot was involved in the 
high workload situation of a deceleration on instruments, particularly in 
a cross wind situation where the heading had to be varied throughout.
Whilst the guidance vector was found easy to follow and produced 
'acceptable track holding performance, some difficulties were found whilst 
using it during the deceleration on instruments, particularly for speed 
control. Neither the law demanding a constant deceleration nor the 
law demanding an exponential deceleration were found to be optimum, 
although the former was preferred. All pilots found difficulty in 
achieving the correct magnitude and sequence of thrust vector rotation 
and power to correctly decelerate the aircraft whilst maintaining a 
constant height. This was particularly so in the CL84, where the 
cross-coupling between speed and height was not conducive to moving the 
wing at a forced rate. It was suggested that if a specific and hence 
repeatable speed profile is proved operationally desirable, it should at - 
least be tailored to the normal deceleration characteristics of the 
airoraft, so minimizing impact on the pilot’s maintenance of constant 
height.
Based on the experience of using the guidance vector driven from 
the aircraft’svelocity vector in the final phase of the CL84 trial, it 
was suggested that this form of presentation had a number of .advantages. 
With the guidance vector simply driven from track and speed control laws, 
the symbol had little or no significance when offset from the pad symbol 
other than denoting an error. With the velocity vector however, the 
pilot had much more situation information, and could gauge more easily 
how fast the aircraft was diverging from track when an error developed. 
This factor considerably assisted the task of joining the centre-line 
as it enabled the final rollout to be made precisely on to the required 
track. Having rolled out, it also enabled the pilot to anticipate the 
correct drift angle to hold the demanded track in the presence of 
cross-winds. Also, because of the additional situation information, the 
velocity vector was found to be easier to use during the deceleration than 
the guidance vector, although it didn’t necessarily produce accurate 
groundspeed holding since the pilot did not feel so constrained to null 
it continuously.
Overall, it was recommended that if the presence of the guidance 
vector was required because of the need to achieve a narrow azimuth 
corridor then a velocity vector form of drive should be used. 
Operationally, it is doubtful that a particular groundspeed profile would 
be required, other than for reasons of minimizing the effect on height
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control whilst following it. If this were the situation, it would again 
he preferable to present the velocity vector information and allow the 
pilot to learn its use to achieve the required profile rather than 
requiring him to slavishly follow a deceleration control law.
9 .4  Aircraft sensors and ground guidance system
In Chapter 3*3, the requirements for the ground transmitted 
information to achieve the instrument approach were discussed. In the 
light of the results it seems appropriate to re-examine these requirements
To allow a range of approach profile to be catered for, either for 
obstacle clearance reasons or because of aircraft handling characteristics 
the ground aid should be able to transmit to the aircraft the spatial 
coordinate of the aircraft relative to the proposed landing site. 
Additionally, to cater for steep angle or cross wind approaches which 
may be operationally essential, the aid should be able to provide the 
information within a half hemisphere whose diameter lies at right angles 
to the nominal approach centre-line, the mid-point of the diameter 
overlaying the touch down point. Based on the trials experience, the 
information required to drive the basic approach display, which will 
also minimize the requirements for additional airborne computing, is 
slant range, crosstrack displacement or bearing relative to 'the 
selected approach centre-line, and height above the landing pad.
Without any additional external inputs, these quantities alone are 
entirely adequate for approaches in weather minima down to 200 ft 
cloudbase and 800 m visibility. If additional guidance is required to 
minimize the width and height of the approach corridor, then the 
rate terms needed to derive their control laws can be produced by 
airborne differentiation as was successfully done in the SC1 and CL84 
flight trials.
If the objective is to achieve approaches in weather minima below 
200 ft cloudbase and 800 m visibility then aircraft velocity vector 
information will be required to assist the pilot in the deceleration and 
final hover phases, irrespective of the degree of inner loop stabilisation 
on the aircraft. Since this information would have to be noise free and 
give adequate resolution over the possible speed range from approximately 
120kn down to zero speed, airborne differentiation of positional informa­
tion would not be adequate, because of the inevitable filtering required 
to remove noise. For this reason, the information would either have to
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"be ground, transmitted as in the CL84 trials, where reliance was placed on 
the large ground based computer to produce adequate rate signals, or 
preferably derived from a precision ground velocity sensor in the 
aircraft, such as Doppler or an inertial system.
To achieve a blind hovering display, as in the case of the SG1 
investigations, places additional requirements on the ground aid, since 
it must he capable of providing signals out to the maximum coverage range 
of 39kn for example, whilst being sufficiently accurate and noise free 
to give a resolution of better than 5 m aT close range. In the SC1 
trials, this was achieved by having separate channels for coarse and 
fine resolution data. The changeover at close range could be by pilot 
selection as in the SC1 or automatic by a range comparator in the 
airborne computer.
Turning to the airborne sensors, probably the most important one 
for the jet v/STOL aircraft with a small static margin is the angle of 
attack. In the Harrier, this is derived from an airstream direction 
detector probe, mounted on the side of the nose of the aircraft away 
from interference effects. The present operational version was felt by 
the pilots to be adequate for the instrument approach test, as it 
provides a meaningful readout throughout the speed range down to 40kn, 
Below this speed, angle of attack is not particularly important from a 
handling viewpoint.
The next most important sensor is the lateral accelerometer, 
which provides a sideforce readout. The advantages of the sideforoe 
indicator over a sideslip angle readout as derived from a wind vane have 
already been discussed in earlier Chapters, and suffice it to say that 
a constant sideforce limit which could be define d irrespective of speed, 
and which could he readily monitored by the pilot against the 
instantaneous accelerometer output, was felt<to have major advantage 
over alternative methods of presenting sideslip information.
Another essential sensor to assist in the inner loop control is 
the vertical reference gyroscope to give pitch and roll information. 
Hollowing on the comments of section 9*2 on pitch scaling, it was felt 
that for a 1s1 presentation, the resolution of the pitch readout should 
he better than 1 milliradian. Also if the altitude information is to 
provide an input to the flight control system, then it should have high
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integrity and reliability. (This is normally achieved by the use of 
multiple sensors to give adequate redundancy.)
For the outer loop control, the normal sensors for airspeed and 
heading were felt to be adequate. Although the heading signal was used 
in the computation of the landing pad symbol and guidance vector position, 
because the display was presented in planform, dead space errors of 
5 milliradians or less were not discernible. This is one quantity which 
would have to meet far more stringent requirements with a true overlay 
display, where the accuracy would need to be in the order of 1 milliradian.
The remaining sensor felt to be of particular importance is the 
vertical speed sensor. To meet the requirements laid down in section
9.2, the sensor would need to provide an instant read-out and by 
definition would require to be inertialiy derived or inertially led.
In the SC1, the sensor consisted of a pressure capsule connected to the 
static line coupled to a pendulum bob weight to give phase advance 
acceleration. This system was reasonably satisfactory, but was not as 
good as the full inertial vertical speed signal available in the Harrier, 
Overall, the pilots felt that this quality of sensor was highly desirable 
for the instrument approach, especially if the deceleration were to be 
carried out on instruments,
9*5 Weather conditions and operating procedures
(a) Wind and turbulence effects
It was agreed by the pilots that light wind components below 5^n 
from any quarter did not significantly inorease the difficulty of the 
approach task. The problems became significantly greater for windspeeds 
above 10kn, particularly in the CL84 where a nominally low approach speed 
was used. In these trials it was found that.pure head or tail wind 
components had the greatest effect on the approach task, particularly 
during the final stages. A tail wind component reduced the time 
available for any given task, and this produced significant problems 
during the descent. In addition, a greater wing angle was required to 
achieve the hover. Conversely, a head wind component meant that a 
smaller wing angle was required during the latter stages of the 
deceleration, which did reduce the pilot workload slightly. However, 
if the pilot attempted to hold a groundspeed of 90kn in a head wind this 
produced handling problems, as the low wing angle required placed the
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aircraft in the transition zone between behaving as a conventional 
aircraft in response to pitch and that of a powered lift aircraft, fairly 
insensitive to pitch. Because of this problem, the pilot flew a 
constant airspeed of 9°kn and accepted the resulting groundspeed.
Pure cross wind components did not cause particular handling 
problems in any of the trials provided that the drift angle did not exceed 
30°. With the guidance vector present, the pilot was able to rapidljr 
offset the drift by simply nulling the vector, and this worked 
satisfactorily up to the start of the deceleration, where the guidance 
vector in its original form was found to have major deficiencies.
Without the guidance vector, the initial establishment of the correct 
heading to maintain the centre-line was found to be slightly difficult 
particularly with the polar plan position display. With the cartesian 
display, once the pilot had learned the sensitivity he could confidently 
offset the drift, whereas the polar display even under steady crosswind 
conditions needed constant attention.
As discussed in Chapter 8, strong wind components had the greatest 
effect during the deceleration. In the SC1 with a combination of cross 
and tailwinds the pilots were able to perform the approach task, albeit 
with relatively large errors, up to a point in the decelerating 
transition where the drift angle was approaching 90 degrees. Also they 
were able to perform the descent task once the aircraft was headed into 
wind. There was, however, an area of confusion between the $0 degrees 
drift angle point in the transition and being headed into wind in the 
vicinity of the descent centre-line. Here the pilot could'become 
disoriented, largely due to a lack of knowledge of his velocity either 
relative to the air or the ground. Also, with the drift angle 
approaching 90 degrees, speed along track had to be corrected by a 
heading change (ie by control of bank angle) and track errors had to be 
controlled by changes in airspeed (ie by control of engine tilt), which 
represented an inversion of the control technique necessary with a small 
drift angle. The problems occurring in this flight regime were those 
of incresed pilot work-load, the build-up of large plan position errors 
and the danger of exceeding the safe side-force limits of the aircraft. 
This was a situation where the pilots felt that the provision of a 
velocity vector would have considerably alleviated the situation, although 
it is by no means clear that it would have solved all the problems.
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In the Harrier trials, approaches were flown with moderate 
headwinds and light crosswinds, down to the simulated weather conditions 
of 200 ft cloudbase and 800 m visibility. Because of the moderate 
amount of pilot compensation required to achieve the desired performance 
in light winds, the pilots felt that approaches in strong crosswinds 
or tailwinds were not feasible without improvements to the flight control 
system.
Overall, it was felt that tailwinds approaches were undesirable in 
any situation even if the aircraft were fully stabilised about all axes. 
Additionally crosswind approaches were felt to be acceptable under 
instrument conditions provided that the drift angle did not exceed 30°. 
Pure head wind approaches were felt to he possible in strong winds 
(25-30kn) provided that a constant airspeed was flown and the increased 
time on the approach was acceptable in terms of fuel usage.
Turbulence increased the difficulty of all tasks in the Harrier 
and CL84, but mainly the control of pitch attitude particularly during 
the flare and deceleration. Because of the high authority auto­
stabiliser, turbulence did not cause noticeable problems in the SC1, 
which again reinforces the advantages of the stabilisation system.
(b) Poor visibility
The CL84, with its front and sidescreen which oould he deployed 
separately, gave an opportunity to study the effect on performance of 
removing outside world cues selectively. With the front screen only 
present on the flight, the pilot felt that the workload involved in 
undertalcing the approach was only marginally increased. The peripheral 
visual cues available from the outside world assisted considerably in the 
control of pitch and roll attitude, such that no serious airc'raft 
handling problems arose. The use of sidescreen alone during the 
approach highlighted the amount of information normally derived from 
peripheral visual cues. With sidescreens present, roll control of the 
aircraft became a significant task especially in turbulence. However, 
sufficient visual information was available from the forward view to 
enable adequate attitude control to be maintained.
As the CL84 programme progressed, it became clear that any 
meaningful avaluation of the approach display, could only be carried out 
when the evaluation pilot was fully screened. During the initial
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unscreened flying on the display, attitude control never produced a 
significant workload and it could have been erroneously deduced from this 
that the attitude display and stabilisation on the aircraft were 
satisfactory. However, when the evaluation pilots were fully 
screened, pitch attitude control became difficult and in turbulence roll 
control also became a significant task. It was felt that with such a 
demanding approach profile to fly, the basic inner loop stabilisation of 
the aircraft should only require a low level of pilot activity. , The 
implications of these problems have already been discussed in section 9*1, 
but the comments above illustrate how important the use of screens can 
be in establishing the absolute system performance.
As discussed in Chapter 6, because the SC1 was single seat it was 
not possible to simulate instrument conditions. However, despite 
operating into a familiar airfield, the pilots felt they were able to 
ignore navigation cues from the outside world and fly a flight path 
purely from the display. However, the pilots felt they acquired 
considerable control cues from their view of the outside world and these 
were impossible to ignore. Based on the CL84 experience, the pilots 
felt that it would have been possible to execute the SG1 approach profile 
purely on instruments because of the excellent handling characteristics 
provided by the manoeuvre demand flight control system. This view was 
endorsed by the many pilots who participated in the supporting simulator 
trials, where poor visibility were simulated throughout the approach.
Comparing the qualitative results from the CL84, where blind 
approaches were made almost to the hover, with the Harrier trials 
where the break out was made prior to the deceleration, it is clear that 
there was a steep escalation in workload due to the instrument 
deceleration. This is felt to be the major area where the operating 
requirements impinges greatly on the system requirements. Based on all 
the trials results it is believed that instrument approaches down to 
200 ft cloudbase and 800 m visibility are feasible operationally with a 
low authority stabilisation system such as in the Harrier. However, 
once the aimed for weather minima are such that part or all the 
deceleration must be carried out on instruments, then it is believed that 
a high authority flight control system may prove mandatory. This aspect 
is discussed in more detail in the next section and the Conclusions.
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9.6 Control and display interaction
This section, which is a lead in to the Conclusions, briefly assesses 
what are believed to be the dominant factors emerging from the subjective 
results. The first major aspect relates to the inner loop control of the 
aircraft.
It was not realised at the beginning of this work, how great a 
difference there was between performing the approach task with unrestricted 
visual cues, compared with the task on instruments, and the extent to which 
this modified the pilot's rating of the flight control system. This was 
greatly highlighted by the trials in the CL 84, where in visual conditions 
the pilot gave a Cooper Harper rating of 3 to 4 (see Fig 109) for its 
handling qualities during the descent, that is minimum to moderate pilot 
compensation required to achieve the desired performance. During a 
descent on instruments however, this rose to a rating of 6, extensive 
compensation required or even 7? desired performance not attainable 
with maximum pilot compensation. Based on the subjective results, it 
is now appreciated that this effect is due to the loss of outside world 
cues which the pilot uses consciously or unconsciously in the control of 
the aircraft, these being: field of view, depth of focus, peripheral
vision, colour and texture.
It is apparent from the pilot's comments, that the display only 
compensated in a small way for the lack of visual cues in the control 
of the inner loop, and its major contribution was in the control of 
the outer loop. It is believed, and this theme is expanded in the 
conclusions, that the inner loop control system of the aircraft should 
be such that minimal pilot compensation is needed to achieve the desired 
performance when undertaking an instrument approach, which equates to 
a Cooper-Harper rating from 1 to 3. What this implies in terms of 
augmentation, depends to a large extent on the weather minima to be 
achieved, and to a lesser extent on the type of profile being followed.
For example, if the requirement is to approach in weather conditions 
which require a deceleration on instruments, then the flight control 
system would need to provide artificial longitudinal stiffness and 
weathercock stability, to the degree where little or no pilot 
compensation is required throughout the complete approach. For most
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aircraft this could only he achieved with an electrically signalled 
manoeuvre demand system of the complexity of the SC 1.
If the instrument approach only has to he made to weather limits 
where a visual deceleration can he made, then a low authority system can 
he acceptable, provided that artificial longitudinal stiffness is present 
in the pitch plane with sideforce suppression in yaw. In the Harrier 
trials, the pilots gave an average Cooper-Harper rating of 5 for the 
approach task under instrument conditions, which implies that considerable 
pilot- compensation was required to achieve the desired performance.
Prom the interpretation of the pilots’ comments, it is evident that the
main reason for this was the amount of time the pilot had to devote to
the control of the inner loop, which was neither compensated adequately 
by the display nor the stability augmentation system. It is believed 
that the addition of a pitch attitude term .(preferably the integral of q, 
pitch rate) into the control feedback loop, as touched on in section 8.5j 
would have allowed the pilot more time to control the outer loop and 
thus find the whole task more acceptable.
In the control of the outer loop, the interaction between display ■ 
and control was much greater as exemplified by the pilots comments on 
height control. For example, the vertical speed indicator in the CL 84 
was essentially the same as in the SC 1, and yet the pilots felt it was 
deficient in the former aircraft because of its very slow height response 
following a power change. As evidenced by the simulator work and the 
Harrier trials, it is felt that even if an aircraft has reasonably low 
height damping, that this can he compensated to some extent by 
instantaneous height rate information and easily assimilated trend 
information as from a counter-pointer readout. Based on the SC 1 
experience however, it is likely that display compensation will not he 
entirely adequate if the deceleration is required to he undertaken on 
instruments, in which case some form of artificial height damping may 
be required in the aircraft control system.
Where the.control and display interaction was most noticeable
was in the assigning of priorities for the tasks to he achieved during 
the approach and how the choice of symbol control laws and guidance level 
could ease or increase the task difficulty. It is apparent from all the
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results that the control of azimuth was in most situations regarded as 
a secondary task compared with that of height control. Here, the 
cartesian display was preferred for the descent, flare and deceleration 
phases, because it provided a constant control task compared with the 
polar display in a total situation which became more demanding as the 
approach progressed. The guidance vector allowed a better performance 
for the same allocation of attention, because less interpretation of 
the situation display was required. This was not at the expense of 
situation information however, since the pilot could quickly establish 
the situation by subsequently reading the plan position display.
The other factor which should be touched on in this section is 
how the design of the approach profile can minimize the impact of 
undesirable handling qualities on the difficulty of the total task.
The CL 84 trials were a good example of this, where the repositioning 
of the most difficult part of the profile to high altitude meant that 
the overall difficulty of the approach task was reduced considerably, 
and because of the increased gain of the symbol control laws, the pilot 
could produce a better performance. It is believed that this improvement 
could not have been achieved by simply changing the display control laws 
alone, as the pilot would not have had sufficient capacity to cope with 
the higher sensitivity.
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CHAPTER 10
CONCLUSIONS
This final chapter draws together all the various quantitative 
and qualitative results from the trials, and highlights what are 
believed to be the main conclusions from the programme. Before going 
into the detailed aspects, one of the more significant factors to emerge 
from the study should be discussed, one which it is believed has not 
been quantified in this way in any previous research in this area, and 
that is the recognition and understanding of the way in which the pilot 
assigned priorities, in order to reduce the multi-variable control task 
of the instrument approach to manageable proportions. Although the 
degree of inner loop stabilisation had some effect on the ordering of 
priorities, the tendency for the pilot to deal with one task at a time 
is apparent in all the trials. Prom the discussions on human attention 
on-Chapter 5, it was already accepted that the pilot dealt with tasks 
sequentially, but what was significant from the results was the way one 
control task remained dominant over a period, to be replaced by an 
alternative one as the approach progressed.
One of the best ways of illustrating some of the overall results 
and conclusions, is to examine the total approach manoeuvre step by step, 
discussing interactive effects as they arise. Based on this analysis, 
conclusions are drawn on the requirements for the inner loop and outer 
loop control and display augmentation. Finally, recommendations are 
made on the additional work which should be done to further refine the 
concepts established by the reseaxch.
Starting with the aircraft in normal wingborne flight at some 
point in the circuit, the first task for the pilot to perform is a 
deceleration from the cruise speed down to the nominal approach speed. 
During this manoeuvre there are no real constraints on height- or track 
keeping, the main requirement being to establish a trimmed condition for 
the approach in level flight, once the speed has washed off. Assuming 
that the aircraft has established the data link with the ground guidance 
system, the next task is to turn onto the extended centre-line using the 
plan position display, the pilot having manually set the approach heading 
into the display computer to correctly orientate the track line symbol.
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During tho'join, the sons L k Lv i ly of the p I an position display must be 
able to accommodate the turn radius of the aircraft without limiting, 
and once on centre line the sensitivity should slowly increase to read 
a maximum at glideslope intercept. During this task, the pilot is not 
particularly constrained in height keeping, so by the time the glideslope 
is reached, the pilot should have nulled the azimuth errors, having 
established the approximate drift angle for the existing wind conditions.
As the glideslope is approached, the pilot initiates the descent 
to joint it smoothly, setting trim and power to conditions he knows 
from experience will take him down the glideslope. Once established 
on the glideslope, the pilot can devote some of his time to track control. 
If a constant linear sensitivity is maintained here, the pilot can learn 
the amount of compensation required during the initial part of the descent. 
Although forcing a high level of activity at this early stage, this 
reduces the azimuth control problems later in the descent; in contrast 
to the display with a constantly increasing linear sensitivity, which 
would require the greatest attention during the deceleration, at a time 
when all other control tasks require a peak of activity. If a narrow 
azimuth corridor is essential, a guidance vector or velocity vector symbol 
will be required. Once this is presented, the requirements for the 
landing pad symbol control laws to maintain a constant track sensitivity 
are diminished, since the vector itself will provide a constant control 
task from the initiation of the descent.
As the descent continues, more and more of the time the pilot 
allocates to outer loop control is devoted to control of height, and 
less time to track. During the flare, the overall task difficulty 
increases and the pilots concentration on height control becomes greater, 
as the constraints increase with the close proximity of the ground.
Por aircraft with low height damping, it is concluded from the work that 
a constant linear glideslope sensitivity should he used. An angular error 
presentation, although demanding little compensation at the start of the 
descent, will require an increasing amount of attention as height is 
reduced. This would produce some handling difficulties if several power 
corrections are required to alter vertical speed.
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If the weather conditions during the approach are such that the
deceleration at constant height has to he performed on instruments then
the task difficulty climbs steeply. During this manoeuvre, the pilot is 
more concerned with the possibility of an unscheduled build-up of descent 
rate than the precise following of a particular speed envelope. The pilot 
therefore reduces speed in a way which he knows from experience will 
minimise the effect on height, especially in aircraft with a low thrust/ 
weight ratio and poor height damping. As the speed reduces, the task
slowly becomes easier and as the hover is reached, the track task again
becomes important, since the pilot must achieve precise positioning over 
the pad centre prior to the vertical descent. If this finish phase is 
to be achieved on instruments, then it is concluded that a high 
sensitivity plan position display will be required to achieve the 
demanded accuracy. Rather than an automatic change at a certain range, 
this should be pilot selected.
The above description of the approach leads into the first main 
conclusion, that contrary to the normal practice in conventional 
aircraft, the control of the outer loop in track and height should not 
both require a slow refining of errors to achieve the maximum accuracy 
at the end of the approach. Instead one task should require a constant 
level of activity throughout the major part of the approach manoeuvre.
It is believed that this task should be track control, since once its 
sensitivity is mastered from glideslope intercept, the pilot can 
concentrate on the activity which has the greatest constraints and 
therefore demands most compensation, which is height control.
Turning now to more specific issues, the question must be posed to 
what extent the present work has demonstrated that a symbolic display 
can compensate for the lack of outside world cues during an instrument 
approach, and what ramifications this has for the flight control system.
Taking first of all the inner loop control; based on the present 
results with the symbol format tested, backed up by the earlier research 
into flight directors described in Chapter 5, it is not believed to be 
reasonable to expect display techniques to fully compensate for the loss 
of external visual cues during the control of the inner loop, and even 
if it were possible, it is believed to be essentially a waste of human 
operator capability to use him as a servo mechanism, when he is better
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at making reasoning decisions over a longer time frame, and hence 
dealing with the outer loop. It is concluded therefore, that as far as 
the inner loop is concerned the lack of visual cues should he compensated 
by the flight control system.
Having said this, the need for control augmentation in the inner 
loop will be determined by the inherent stability of the particular 
aircraft at the nominal approach speed. If the aircraft has good 
longitudinal and lateral stability at the approach speed and during the 
deceleration, then the removal of external visual cues will not escalate 
the difficulty of the approach task to anything like the extent that it 
does when the- aircraft is inherently unstable. In all the aircraft 
studied, there was felt to be a need for inner loop stabilisation, its 
level being mainly determined by the weather minima required to be met.
If the requirement is to approach down to weather minima of 200 ft cloud 
base and 800 m visibility, then it is concluded that at the nominal 
approach speed, only minimal pilot compensation should be required for 
desired performance. In the case of jet V/STOL aircraft with near 
neutral stability at a nominal approach speed of 120 kn,. to achieve this 
degree of pilot acceptability would require a control system giving 
artificial longitudinal stiffness in pitch, by rate and attitude feedback, 
and artificial directional stability in yaw by rate and sideforce feedback, 
coupled with rate damping in roll. This system could be low authority 
and therefore simplex so minimising its complexity. [In practical terms, 
this system only differs from the present Harrier one by the attitude 
feedback signal, which is believed to be the essential feature, since it 
provides a static margin, and so reduces the angle of attack control task.]
Once the weather limits to be met are below a 200 ft cloudbase and 
800 m visibility, then it will not be feasible to achieve a visual 
deceleration unless an absurdly low approach speed is adopted. Unless 
this is better suited to the handling qualities of the aircraft, this 
would simply increase the time on the descent and increase the difficulty 
of controlling the inner loop, whilst also expending additional fuel 
and reducing engine life. Assuming then that the deceleration is to be 
performed on instruments, this will demand either much more' from the 
pilot or from the control system. In view of the steep increase in task
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difficulty of the control of the outer loop, and the impact this will have 
on the inner loop in terms of angle of attack and sideforce control, 
it is believed that a high authority flight control system will be 
required. This will have to incorporate system redundancy to achieve the 
required reliability and integrity. In view of the advantages found with 
the SC 1 system, it is believed that an electrically signalled manoeuvre 
demand system of this nature, providing attitude demand in pitch, rate 
demand in roll and artificial directional stability would be highly 
desirable.
Considering now the outer loop, it is believed that the present 
work has adequately demonstrated the large impact design, of even subtle 
aspects of the display system, can have bn the total performance and 
pilot acceptance.
In many respects, the design of the display format was fairly 
orthodox in providing basic spatial information for the pilot to achieve 
the approach. The innovative aspect was the divising of the plan position 
display, and the mixing of this horizontal situation information with the 
vertical information on a single display surface. This particular design 
facilitated the presentation of all the situation information required, 
whilst allowing guidance or director information to he superimposed.
It is concluded that the provision of adequate situation information is 
essential during an approach manoeuvre involving several stages, since 
it gives the pilot the freedom to use the aircraft control flexibility, 
to a-much greater extent than would he the case with a director display 
alone.
Based on the range of formats tested, it is concluded that for 
azimuth control, the basic situation plan position display is adequate 
alone, provided that the control laws meet the conditions laid down earlier 
ie that the join to centre line can he accommodated without the display 
limiting, and that a constant linear sensitivity is maintained from the 
initiation of the descent. If the approach conditions demand a narrow 
approach corridor, then guidance information will he required, and if 
the deceleration is to be made on instruments then this guidance should 
take the form of velocity vector information, which will enable the 
pilot to maintain tight control of track during the final stages, whilst 
also assisting him in the control of speed during the deceleration.
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For the control of height, it is concluded that instantaneous 
vertical speed information is essential, coupled with easily assimilated 
trend information as from a counter-pointer instrument, in addition to 
the height situation information relative to the glideslope. This form 
of presentation will compensate to some extent for an aircraft with low 
height damping during the descent. However, the requirement to decelerate 
on instruments, increases the control difficulty to the point' where it is 
concluded that artificial height damping should he incorporated into the 
flight control system. Because of the difficulties encountered with the 
glideslope brackets during thrust-borne flight, it is concluded that 
these are not an optimum form of presentation, and further work is required 
to isolate alternative forms. Apart from this problem, the results 
achieved with their use suggest that a constant linear sensitivity is 
preferable to a constantly increasing one. It is concluded that this 
was due to the low height damping of the aircraft tested, rather than 
related to the assigning of priorities. It is further concluded that if 
artificial height damping is introduced into the flight control system 
then a glideslope sensitivity which increased with decreasing range 
would be far more acceptable.
Of all the control tasks, speed control had less constraints than 
the others. Here, it is concluded that speed guidance is not required 
during the descent but becomes more important during the deceleration.
It is further concluded that precise deceleration guidance will constrain 
the pilot unnecessarily and may produce additional height control problems. 
However, since the pilot needs some speed guidance in this phase of flight, 
this is best achieved by velocity vector information which would also be 
of assistance during hovering flight.
One final factor which greatly affects the control and display 
interaction, is the design of the approach flight profile. It is 
concluded here that the present work has adequately demonstrated that a 
profile consisting of separate stages, as in the stepped profile 
predominantly flown, allows the pilot to concentrate on one task at a 
time thus considerably simplifying the overall control problem. Without 
this sequential task philosophy, the pilots task of assigning priorities 
would be much more difficult. Within the context of the stepped profile,
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the work has also demonstrated that the approach conditions must be 
matched to the handling qualities of the aircraft, and if this is not 
achieved, the requirement for the control and display augmentation system 
will he increased.
In summary, it is held that the research has demonstrated that the 
multi-variable approach task of the V/STOL aircraft can be successfully 
analysed if it is broken down into the separate tasks of inner loop 
and outer loop control. To achieve an instrument approach, it is 
concluded that the aircraft should he stable about all axes within the 
required manoeuvre envelope, at all times in those phases of the approach 
manoeuvre which are to he flown on instruments. This then implies that 
the lower the weather limits to he achieved, the greater the requirements 
will he for the inner loop control.
The role for the display system is held to he in enabling the pilot 
to control the outer loop flight path. It is concluded that a display 
containing predominantly situation information should he presented, 
where the pilot freed from the inner loop compensation task, can allocate 
the time required to interpreting the situation information, and this 
will allow more effective use of the aircraft inherent control flexibility. 
If the constraints of the approach are such that certain accuracy 
requirements must be met, then this should he achieved using guidance 
information superimposed on the situation display.
Although the research described in this thesis has covered a wide 
range of aspects related to the instrument approach, and provided 
further insight into the relationship between the control and display 
system, it is recognised that some of the results and conclusions are 
inevitably generalised, particularly those related to the control system. 
Having demonstrated the way in which the approach manoeuvre can he 
broken down into component parts, it is recommended that further work he 
done to examine these aspects in relation to one particular aircraft, the 
Harrier for example. The main area amenable to full analysis and 
modelling, and where precise design control laws should he developed, 
is the inner loop control. Therefore, it is recommended that a practical 
design for both a low authority attitude stabilisation system and a 
manoeuvre demand system should he investigated. The other factor which
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requires examination is the outer loop control system, to establish 
a practical design for artificial height damping, and as this would require 
the incorporation of the engine controls and thrust vector position in 
the automatic control system, this should he carefully explored.
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